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ABSTRACT
The Hammett e q u a t io n  h a s  been s u c c e s s f u l l y  u sed  f o r  many 
y e a r s  i n  th e  d e s c r i p t i o n  o f  e l e c t r o n i c  e f f e c t s  from m eta  and p a r a  
s u b s t i t u e n t s  upon r e a c t i o n  r a t e s  and e q u i l i b r i a .  However, t h e  d e s c r i p ­
t i o n  o f  th e  e f f e c t s  from o r th o  s u b s t i t u e n t s  has  n o t  met w i th  t h e  same 
s u c c e s s ,  p r i m a r i l y  b e ca u se  o f  o r th o  p ro x im i ty  i n t e r a c t i o n s  n o t  p r e s e n t  
i n  t h e  c o r re sp o n d in g  m e ta -  and p a r a - s u b s t i t u t e d  compounds. The h i s t o r y  
o f  p re v io u s  a t te m p ts  to  o b t a i n  a  u n iq u e  s e t  o f  s u b s t i t u e n t  c o n s ta n t s  
r e f l e c t i n g  o n ly  th e  e l e c t r o n i c  e f f e c t s  o f  o r th o  s u b s t i t u e n t s  i s  p r e ­
s e n te d .  T a f t ’s a*  c o n s t a n t s  a r e  c o n s id e re d  to  be t h e  most u s e f u l  o fo
p re v io u s  s e t s  o f  cr c o n s t a n t s  a v a i l a b l e  from th e  l i t e r a t u r e ,  a l th o u g ho
some d o u b ts  a r e  posed  w i th  r e s p e c t  to  th e  fundam ental a ssu m p tio n s  in  
h i s  t r e a tm e n t .
The s tu d y  o f  h y d ro x y l  ch em ica l s h i f t s  from o r th o - s u b s t i t u t e d  
p h en o ls  in  d im e th y l s u l f o x id e  (DMSO) i s  found to  be a system  i n  which 
o r th o  e f f e c t s  » s t e r i c ,  f i e l d  e f f e c t s ,  e t c . )  a r e  a b se n t  and in
which an a c c u r a t e  a s se s s m e n t  o f  o r th o  s u b s t i t u e n t  c o n s t a n t s  r e f l e c t i n g  
o n ly  e l e c t r o n i c  e f f e c t s  can  be  made. The com parison  o f  th e  h y d ro x y l 
c h em ica l  s h i f t  v a lu e s  from ^ - s u b s t i t u t e d  p h en o ls  r e l a t i v e  t o  pheno l 
(A5q ) a r e  found t o  be  o n ly  m o d e ra te ly  s u c c e s s f u l  in  c o r r e l a t i n g  T a f t ' s  
a*  v a lu e s  and a r e  s u g g e s te d  to  i n d i c a t e  t h a t  th e s e  c o n s ta n t s  may n o t  
ex c lu d e  e n t i r e l y  p r o x im i ty  e f f e c t s .
S in ce  th e  r e l a t i v e  h y d ro x y l  c h em ica l  s h i f t  v a lu e s  from £ -  
s u b s t i t u t e d  p h en o ls  a r e  found t o  c o r r e l a t e  t h e  c o r re sp o n d in g  A6q v a lu e s  
i n  a  p r e c i s e l y  l i n e a r  m an n er ,  s t e r i c  e f f e c t s  a re  f o r  t h e  m ost p a r t  
a b s e n t  from t h i s  sy s tem . The e x tre m e ly  s t r o n g  in t e r m o le c u la r  hydrogen
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bond between th e  p h e n o l ic  hyd roxy l and DMSO i s  s u g g e s te d  to  o r i e n t  th e
01I***DMS0 m o ie ty  away from th e  o r th o  s u b s t i t u e n t  such t h a t  p r o x im i ty
i n t e r a c t i o n s  a r e  m in im al.  The AS and A5 v a lu e s  a r e  sho rn  to  c o r r e -m p
l a t e  w ith  Hammett a  and a c o n s t a n t s ,  and from th e  e q u a t io n  o f  t h i sm p ’
l i n e  ( <j = 0 .7 2 0  AS -  O.O3 8 ) o r th o  s u b s t i t u e n t  c o n s t a n t s  f o r  t h i r t y -  
two s u b s t i t u e n t s  a r e  a s s ig n e d .  D e v ia t io n s  o f  th e  o - a c e t y l  and £-NOg 
groups from th e  above c o r r e l a t i o n  a r e  a s c r ib e d  to  in t r a m o le c u la r  
hydrogen b o n d in g .
The new s u b s t i t u e n t  c o n s t a n t s  a re  ' hown to  c o r r e l a t e  s u c c e s s ­
f u l l y  th e  r e a c t i v i t y  d a t a  f o r  £ - s u b s t i t u t e d  compounds i n  over tw e n ty  
r e a c t i o n  s e r i e s  w ith  e q u a l  o r  b e t t e r  p r e c i s i o n  th a n  t h e  c o r re s p o n d in g  
c o r r e l a t i o n s  u s in g  T a f t ' s  c o n s t a n t s .  The a d v an ta g e s  o f  th e  new
c o n s t a n t s  and th e  i n d u c t iv e  and re so n an c e  c o n t r i b u t i o n s  t o  th e  <7o
v a lu e s  a r e  d i s c u s s e d .
PART ONE
THE APPROACH TO THE DETERMINATION OF ORTHO SUBSTITUENT CONSTANTS
Io I n t r o d u c t i o n :
S in c e  i t s  i n t r o d u c t i o n  t o  t h e  ch em ica l  l i t e r a t u r e  in  1955 > 
t h e  Hammett ap p ro a ch  f o r  d e s c r i b i n g  e m p i r i c a l l y  th e  e f f e c t  o f  s t r u c t u r e  
v a r i a t i o n  upon ch em ica l r e a c t i v i t i e s  i n  s u b s t i t u t e d  b enzene  d e r i v a t i v e s  
h a s  been  q u i t e  s u c c e s s f u l .  The Hammett e q u a t i o n  (jL) and v a r io u s  m odi­
f i c a t i o n s  t h e r e o f  have  b e e n  s u c c e s s f u l  i n  c o r r e l a t i n g  and o r g a n iz in g  
v a s t  amounts o f  r e a c t i o n  r a t e  and e q u i l i b r i u m  d a t a ,  a l lo w in g  m e ch a n is ­
t i c  and s u b s t i t u e n t  e f f e c t  i n v e s t i g a t i o n s  to  p ro g re s s '  a t  e x t re m e ly  
r a p i d  r a t e s .  W ith r e g a r d  t o  s u b s t i t u e n t  e f f e c t s ,  so much i s  known 
to d a y  abou t t h e  r e l a t i v e  e l e c t r o n i c  c h a r a c t e r i s t i c s  o f  s u b s t i t u e n t s  
and  how th e y  a f f e c t  r e a c t i o n  r a t e s ,  t h a t  one now has  c o n f id e n c e  in  p r e ­
d i c t i n g  r a t e s  o f  r e a c t i o n s  in v o lv in g  compounds w i th  new s u b s t i t u e n t s  
and  i n  p r e d i c t i n g  p h y s i c a l  and s p e c t r a l  d a t a  as  w e l l .  The e m p i r i c a l  
u s e f u l n e s s  o f  t h e  Hammett e q u a t io n  i s  to d ay  u n c h a l l e n g e d ,  and I t s  su c ­
c e s s ,  l i k e  t h a t  o f  th e  U n i te d  S t a t e s  C o n s t i t u t i o n ,  may w e l l  be  a  d i r e c t  
r e s u l t  o f  i t s  unencum bered s i m p l i c i t y  and b ro a d  i n t e r p r e t a t i o n .
D e s p i t e  th e  im p r e s s iv e  s u c c e s s e s  o f  t h e  Hammett e q u a t i o n ,  a 
m a jo r  p rob lem  e x i s t s ,  a s  i t  d id  a t  t h e  v e ry  i n c e p t i o n  o f  t h i s  l i n e a r  
f r e e  energy  e x p r e s s i o n ,  i n  th e  d e s c r i p t i o n  o f  s u b s t i t u e n t  e f f e c t s  f o r  
o r t h o - s u b s t i t u t e d  benzene  d e r i v a t i v e s .  T here  a r e  many r e a s o n s  why th e  
i n v e s t i g a t i o n  o f  e l e c t r o n i c  e f f e c t s  i n  o - s u b s t i t u t e d  compounds h a s  been 
and s t i l l  i s  su ch  a d i f f i c u l t  t a s k ;  t h e s e  p rob lem s w i l l  be  d i s c u s s e d  
i n  d e t a i l  l a t e r  in  t h i s  w ork . For now, i t  i s  p e rh a p s  s i m p l e s t ,  a l b e i t  
n a i v e ,  to  say  t h a t  s t e r i c  e f f e c t s  b e tw een  s u b s t i t u e n t s  and r e a c t i o n
1
c e n te r s  b e a r in g  an o r th o  r e l a t i o n s h i p  a re  th e  prim e so u rce  o f  d e v i a t i o n  
from a co m p le te ly  l i n e a r  f r e e  energy  r e l a t i o n s h i p  encom passing o r th o  
as w e l l  as meta and p a r a  s u b s t i t u e n t s  - -  a f l y  in  th e  o in tm e n t ,  so  to  
sp eak , o f  an o th e rw is e  v a s t l y  u s e f u l  c o n c e p t .
The work d e s c r ib e d  in  t h i s  d i s s e r t a t i o n  i s  concerned  w i th  
th e  above-m entioned problem  o f  th e  a c c u ra te  d e s c r i p t i o n  o f  e l e c t r o n i c  
e f f e c t s  o f  o r th o  s u b s t i t u e n t s  i n  th e  absence  o f  s t e r i c  and o th e r  " o r th o  
e f f e c t s " .  P re v io u s  a t te m p ts  a t  th e  s o l u t i o n  o f  t h i s  problem  have  f a i l e d  
o r  have met w i th  l i m i t e d  su ccess  due to  th e  u b iq u i to u s  n a t u r e  o f  p r o x i ­
m ity  i n t e r a c t i o n s ;  how ever, due to  a f o r t u i t o u s  e f f e c t  o f  s o l v a t i o n  
and th e  ready  a v a i l a b i l i t y  o f  th e  compounds n e c e s s a ry  f o r  t h i s  i n v e s t i ­
g a t i o n ,  a new look  a t  an o ld  problem  has  been e f f e c t e d .  The u t i l i z a ­
t i o n  o f  th e  u n u s u a l ly  s t ro n g  in te r m o le c u la r  hydrogen bond betw een 
d im e th y l  s u l f o x id e  (DMSO) and th e  hy d ro x y l p ro to n  o f  o - s u b s t i t u t e d  
p h en o ls  has  r e s u l t e d  i n  a system  which e f f e c t i v e l y  e l im in a te s  a lm ost 
a l l  o r th o  i n t e r a c t i o n s  and a t  th e  same tim e  o f f e r s  an e x c e l l e n t  mea­
su re  o f  e l e c t r o n i c  e f f e c t s  from th e  s u b s t i t u e n t .
N u c lea r  m agnetic  re so n an ce  sp e c tro sc o p y  (nmr) has  been  
u t i l i z e d  to  m easure  th e  s t r e n g t h  o f  th e  in te r m o le c u la r  hydrogen  bond 
in  DMSO s o l u t i o n ,  and th e  r e s u l t s  i n d i c a t e  t h a t  e f f e c t s  o f  o r th o  sub­
s t i t u e n t s ,  in  th e  absence  o f  c o m p lic a t in g  f a c t o r s ,  p a r a l l e l  c l o s e l y  
th o s e  o f  th e  p a ra  s u b s t i t u e n t s .  Hammett <7 -  v a lu e s  have been  a s s ig n e d  
w ith  c o n f id e n c e .  T h is  r e s e a r c h ,  to  th e  a u t h o r ' s  know ledge, in v o lv e s  
th e  l a r g e s t  group o f  o r th o  s u b s t i t u e n t s  ev e r  i n v e s t i g a t e d  in  a  s i n g l e  
s tu d y  o f  t h i s  type  and o f f e r s  some i n t e r e s t i n g  i n s i g h t s  i n t o  t h e  make­
up o f  i n d u c t iv e  and re so n an ce  c o n t r ib u t io n s  to  th e  o r th o  s u b s t i t u e n t  
c o n s t a n t .
I I .  R e a c t i v i t i e s  o f  o r t h o - S u b s t i t u t e d  Compounds and t h e  Hammett 
Approach:
A w ell-know n o b s e r v a t io n  by r e s e a r c h e r s  in  t h e  f i e l d  o f  
p h y s i c a l - o r g a n i c  c h e m is t ry  co n ce rn s  th e  i n a b i l i t y  o f  th e  c l a s s i c a l  
Hammett s igm a-rlio  a p p ro a ch 1 to  d e s c r ib e  r a t e  o r  e q u i l i b r iu m  d a t a  f o r  
^ - s u b s t i t u t e d  benzene  d e r i v a t i v e s .  T h is  m a th e m a tica l  d e s c r ip t i o n ,  o f  
th e  l i n e a r  f r e e  energy  r e l a t i o n s h i p  c o o r d in a t in g  th e  r e a c t i v i t i e s  o f  
m- and ^ - s u b s t i t u t e d  compounds w i th  th e  ty p e  o f  s u b s t i t u e n t  on t h e  a r o ­
m a t ic  r i n g  i s  i l l u s t r a t e d  by t h e  f a m i l i a r  Hammett e q u a t io n  ( I )
lo g  ( k /k Q) = op ( 1 )
in  which k  and kQ a r e  th e  r e a c t i o n  r a t e  o r  e q u i l i b r iu m  c o n s t a n t s  o f  
th e  s u b s t i t u t e d  and u n s u b s t i t u t e d  benzene d e r iv a t i v e s ,  r e s p e c t i v e l y ,  
w h i l e  o and p a r e  r e a c t i o n  p a ra m e te rs  r e l a t i n g  th e  e l e c t r o n i c  e f f e c t  
o f  t h e  s u b s t i t u e n t  and th e  f a c i l i t y  f o r  t r a n s m i t t i n g  t h i s  e f f e c t  from  
th e  s u b s t i t u e n t  to  t h e  r e a c t i o n  cen te r- ,  r e s p e c t i v e l y .  The s u b j e c t  o f  
l i n e a r  f r e e  energy  r e l a t i o n s h i p s  w ith  p a r t i c u l a r  em phasis  upon t h e  
Hammett e q u a t io n  h a s  been  d i s c u s s e d  in  d e t a i l  i n  s e v e r a l  r e c e n t  r e v ie w s .
The f i r s t  o b s e r v a t io n  o f  an " o r th o  e f f e c t "  was r e p o r t e d  by 
Hofmann7 in  1872 w ith  th e  r e v e l a t i o n  t h a t  2 , 6- d i a l k y l a n i l i n e s  w ould  n o t  
form q u a te r n a r y  s a l t s  w i th  a l k y l  h a l i d e s .  S u b s e q u e n t ly ,  V ic to r  M eyer7 
in  18914- s t u d i e d  2 , 6- d i s u b s t i t u t e d  b en zo ic  a c id s  and th e  anom alous r e ­
a c t i o n s  o f  t h e i r  e s t e r s ,  c h l o r i d e s ,  am ides , and n i t r i l e s .  He i n t e r ­
p r e t e d  h i s  r e s u l t s  i n  term s o f  s t e r i c  h in d r a n c e .  Hammett1 a l s o  d i s ­
cu sse d  anomalous r e a c t i v i t i e s  o f  ^ - s u b s t i t u t e d  compounds i n  te rm s  o f  
" p ro x im ity "  o r  s t e r i c  e f f e c t s  o p e r a t in g  betw een th e  . s u b s t i t u e n t s  and 
r e a c t i o n  c e n t e r ,  th e re b y  a l t e r i n g  th e  l i n e a r  f r e e  energy  r e l a t i o n s h i p
th ro u g h  n o n - l i n e a r  changes in  t h e  e n t ro p y  t e rm s .  F o r  t h i s  re a s o n  one 
may n o t  o r d i n a r i l y  compare e l e c t r o n i c  e f f e c t s  o f  m eta  and p a r a  s u b s t i ­
t u e n t s  w i th  th o s e  f o r  th e  c o r r e s p o n d in g  o r th o  s u b s t i t u e n t s .  Hammett 
d id  n o t e ,  how ever, t h a t  a few r e a c t i o n s  in v o lv in g  benzene  d e r i v a t i v e s  
w ith  r e a c t i o n  c e n t e r s  w e l l  removed from i n t e r a c t i o n  d i s t a n c e  w i th  th e  
o r th o  s u b s t i t u e n t  p a r a l l e l e d  t h e  c o r r e s p o n d in g  p a r a  s u b s t i t u e n t  i n  i n ­
f lu e n c in g  th e  ob serv ed  r e a c t i o n  r a t e s  o f  such  r e a c t i o n s .  The h y d r o ly s i s  
o f  a r y l  hydrogen  s u l f a t e s 8 and th e  h y d r o l y s i s  o f  c innam ic  e s t e r s 9 were 
g iv e n  as examples o f  r e a c t i o n s  d e m o n s t ra t in g  o n ly  "norm al"  e l e c t r o n i c  
e f f e c t s  from th e  o r th o  s u b s t i t u e n t .
A lthough t h e o r e t i c a l  and e m p i r i c a l  s t u d i e s  o f  r a t e  and e q u i l i ­
b r ium  d a t a  have  been g e n e r a l ly  u n s u c c e s s f u l  i n  d e s c r i b i n g  o r th o  r e a c t i ­
v i t i e s  a c c u r a t e l y ,  f o r  some t im e  c h e m is ts  hav e  had  a t  t h e i r  d i s p o s a l  
t h e  knowledge o f  some o f  th e  v a r io u s  i n t e r a c t i o n s  which may o c cu r  , 
betw een th e  o r th o  s u b s t i t u e n t  and th e  r e a c t i o n  c e n te r  ( in c lu d in g  i t s  
s o l v a t i o n  s h e a t h ) .  T here  i s  s t i l l  a p ro b lem , how ever, i n  s a t i s f a c t o ­
r i l y  s e p a r a t i n g  th e  v a r io u s  i n t e r a c t i o n s  m a th e m a t ic a l ly  i n t o  en e rg y  
term s c a p a b le  o f  b e in g  d e s c r ib e d  i n d i v i d u a l l y .  Some o f  t h e  more im­
p o r t a n t  phenomena which may s u b s t a n t i a l l y  a f f e c t  r e a c t i o n  r a t e s  o f  £ -  
s u b s t i t u t e d  benzene  d e r i v a t i v e s  a r e  as fo l lo w s :
1. Hydrogen bond ing : Both i n t r a -  and in t e r m o le c u la r  hydrogen
bonding  may in f l u e n c e  th e  b e h a v io r  o f  an o r th o  s u b s t i t u e n t  th ro u g h  
s p e c i f i c  group i n t e r a c t i o n s  as  in  th e  fo rm er c a s e ,  o r  th ro u g h  s o lv a ­
t i o n  o r  s e l f - a s s o c i a t i o n  phenomena as i n  th e  l a t t e r  one .
2 . E l e c t r o n ic  e f f e c t s :  ( a )  P o la r  i n t e r a c t i o n s  a r e  e l e c t r i c a l  
i n f l u e n c e s  from th e  s u b s t i t u e n t  w hich a r e  t r a n s m i t t e d  t o  th e  r e a c t i o n
c e n t e r  e i t h e r  th ro u g h  th e  sigma bond ne tw ork  ( i n d u c t i v e  e f f e c t )  o r  
th ro u g h  d i p o l a r  i n t e r a c t i o n s  th ro u g h  space  ( f i e l d  e f f e c t ) ( b )  Reson­
ance  i n t e r a c t i o n s  a r e  e l e c t r i c a l  i n f l u e n c e s  t r a n s m i t t e d  p r i m a r i l y  
th ro u g h  th e  p i  bond ne tw ork . O th e r  e l e c t r o n i c  mechanisms hav e  been 
p o s t u l a t e d 62 b u t  t h e s e  a r e  u s u a l l y  o f  l i t t l e  im p o r tan ce  when compared 
to  sigma in d u c t iv e  and p i  re s o n a n c e  e f f e c t s .
3 . S t e r i c  i n t e r a c t i o n s :  P r im ary  s t e r i c  e f f e c t s  may a c t
betw een  th e  o r th o  s u b s t i t u e n t  and th e  ground o r  t r a n s i t i o n  s t a t e  con­
f i g u r a t i o n  o f  t h e  r e a c t i o n  c e n t e r ,  w h i le  seco n d a ry  s t e r i c  e f f e c t s  may 
in c lu d e  s t e r i c  i n h i b i t i o n  o f  re so n an c e  o r  s t e r i c  i n t e r f e r e n c e  w ith  
i n t e r n a l  r o t a t i o n s  ( t o r s i o n a l  e f f e c t s ) . 11 Examples o f  th e  above pheno­
mena have  been  p o in te d  o u t  by Hammett and o t h e r s  i n  th e  r e a c t i o n s  o f  
j o - s u b s t i t u t e d  a n i l i n e s  which seem to  e x h i b i t  a p ro x im i ty  e f f e c t  in  
a lm o s t  ev e ry  c a s e ,  w h i le  th e  r e a c t i o n s  o f  th e  c o r r e s p o n d in g  p h e n o la te  
i o n  do so se ldom . 12 Care must be  e x e r c i s e d  in  l a b e l l i n g  t h e  c a u se  o f  
an " o r th o  e f f e c t "  w i th  any one i n t e r a c t i o n  m echanism , s in c e  t h e s e  . 
i n t e r a c t i o n s  a r e  tandem ly  l i n k e d .  For exam ple, s t e r i c  i n h i b i t i o n  o f  
re s o n a n c e  n o t  on ly  in c lu d e s  re s o n a n c e  e f f e c t s ,  b u t  a l s o  p r im ary  s t e r i c  
e f f e c t s  as  w e l l .  T h is  example d e m o n s t ra te s  c l e a r l y  why m a th e m a t ic a l  
s e p a r a t i o n  o f  o r th o  i n t e r a c t i o n s  i s  o f t e n  such  a  d i f f i c u l t  and u n re ­
w ard in g  t a s k .
I I I .  Thermodynamic C o n s id e ra t io n s  w i th  R espect t o  o r th o - S u b s t i t u t e d  
Compounds:
The thermodynamic ap p ro ach es  a s s o c i a t e d  w i th  l i n e a r  f r e e  
energy  r e l a t i o n s h i p s ,  and p a r t i c u l a r l y  th e  Hammett r e l a t i o n s h i p  (l_) ,  
have  been  d i s c u s s e d  in  d e t a i l  in  many o f  th e  t r e a t i s e s  and re v ie w s  men­
t i o n e d  e a r l i e r . 2 -6  Some o f  th e  more im p o r ta n t  i d e a s  which b e a r  h e a v i l y  
upon th e  d i s c u s s i o n  o f  th e  r e a c t i v i t i e s  o f  o r t h o - s u b s t i t u t e d  compounds 
and o r th o  s u b s t i t u e n t  c o n s t a n t s  s h o u ld  be p r e s e n t e d  h e r e ,  how ever.
The o r i g i n a l  Id e a s  c o n c e rn in g  t h e s e  e f f e c t s  o f  s t r u c t u r e  upon th e  r e ­
a c t i v i t i e s  o f  s u b s t i t u t e d  benzene m o le c u le s  m ust be  a t t r i b u t e d  to  
Hammett, who was a l s o  r e s p o n s i b l e  f o r  p e r s i s t e n t l y  m olding h i s  id e a s  
i n t o  p r a c t i c a l  a p p l i c a t i o n s .  In  a d d i t i o n ,  T a f t  and cow orkers  have 
added many con tem porary  c o n t r i b u t i o n s  to  th e  thermodynamic a p p l i c a t i o n s  
o f  t h e  Hammett e q u a t io n .  A d e t a i l e d  s tu d y  o f  T a f t ' s  c h a p te r  in  Newman's 
book13 i s  e s s e n t i a l  t o  an  u p - t o - d a t e  com prehension  o f  t h e s e  c o n t r i b u ­
t i o n s  t o  t h e  d e s c r i p t i o n  o f  £ - s u b s t i t u t e d -  compounds. Some o f  t h e  more 
im p o r ta n t  id e a s  o f  Hammett, T a f t ,  and o th e r s  a r e  summarized i n  th e  
fo l lo w in g  p a r a g r a p h s .
A ccord ing  t o  T a f t , 13 t h e  b a s i c  r e a c t i v i t y  o f  a  m o le c u le  i s  
i n f l u e n c e d  by th e  t o t a l  change i n  t h e  f r e e  en erg y  o f  th e  r e a c t a n t s ,  
t r a n s i t i o n  s t a t e s ,  and p r o d u c ts  w i t h i n  a r e a c t i o n  sequence . I f  t h e  
f a c t o r s  i n f l u e n c i n g  th e  t o t a l  f r e e  en e rg y  change o f  th e  r e a c t i o n  a r e  
com parably  e x p e r ie n c e d  i n  b o th  th e  r e a c t a n t s  and t r a n s i t i o n  s t a t e s  o r  
p r o d u c t s ,  th e n  no c o n t r i b u t i o n s  t o  t h e  t o t a l  r e a c t i v i t y  o f  t h e  m o lecu le  
w i l l  be o b s e rv e d .  Only t h e  d i f f e r e n c e s  in  th e  f r e e  energy  components 
a r e  im p o r ta n t  In  d e te rm in in g  th e  r e a c t i v i t y  o f  t h e  m o le c u le .  And b eca u se
o n ly  t h e  f r e e  en erg y  changes  w hich a r e  n o t  t h e  same f o r  b o th  t h e  r e ­
a c t a n t s  and t r a n s i t i o n  s t a t e s  o r  p ro d u c ts  w i l l  be  o f  any s i g n i f i c a n c e  
in  a d i s c u s s i o n  o f  r e a c t i v i t y ,  o n ly  a l i m i t e d  number o f  p o s s i b l e  
phenomena need  b e  c o n s id e r e d  as r e a c t i v i t y  c o n t r i b u t o r s .  F o r  exam ple , 
i n  t h e  e q u i l i b r i u m  r e a c t i o n
RY +  P ? ± R Y + P  R e a c t io n  1o o ---------
w here R i s  a s u b s t i t u e n t  on t h e  s u b s t r a t e ,  Y, and P i s  a r e a c t i o n  p r o ­
d u c t ,  s t a t i s t i c a l  therm odynam ics may be a p p l i e d  t o  g iv e  t h e  f o l l o w in g  
e q u a t i o n s ,  from w hich  t h e  d i s c u s s i o n  o f  t h e  e f f e c t  o f  s t r u c t u r e  upon 
r e a c t i v i t y  may be  c a r r i e d  o u t  in  te rm s o f  t h e  r e l a t i v e  s t a n d a r d  f r e e
e n e r g y ,  e n t h a l p y ,  and e n t ro p y  c h a n g e s .
AAF = AF° -  AF§ = AAEp -  RT In  (HQ) (2 )
AAF = -RT In  (K/Ko) ( l )
AAF§ = th e  s t a n d a r d  f r e e  e n e rg y  change f o r  above e q u i l i b r i u m  r e a c t i o n .
AAE = th e  s t a n d a r d  en e rg y  change  f o r  t h i s  r e a c t i o n  when b o th  r e a c t a n t
P 9
and p r o d u c t  s t a t e s  a r e  c o m p le te ly  d e v o id  o f  e n e r g i e s  from m o le c u la r  m o t io n .  
qP qR Y(nQ) =  Q— w here  q ’s a r e  p a r t i t i o n  f u n c t i o n s  i n v o lv in g  te m p e r a tu r e
qP0 qRY
d e p e n d e n t  k i n e t i c  e n e r g i e s .  The above e q u i l i b r i u m  i l l u s t r a t e s  t h a t  t h e  
r e l a t i v e  f r e e  en e rg y  c h a n g e ,  AAF°, f o r  a  r e a c t i o n  can  be  c o n s id e r e d  th e  
sum o f  ( l )  a t e m p e r a tu r e  in d e p e n d e n t  p o t e n t i a l  en e rg y  te rm ,  and ( 2 ) a 
t e m p e r a tu r e  d ep en d en t k i n e t i c  en erg y  te rm .  The c a l c u l a t i o n  o f  AAF° 
v a lu e s  from e x p e r im e n ta l  q u a n t i t i e s  h a s  b een  acco m p lish ed  in  o n ly  a  few 
c a s e s .
The t r a n s i t i o n  s t a t e  t h e o r y  d e s c r i b e s  t h e  r e l a t i v e  r a t e s  o f  
a r e a c t i o n  as m e re ly  a  s p e c i a l  c a s e  o f  t h e  above thermodynamic r e l a t i v e
4* te q u i l ib r iu m .  That i s ,  ( k /k 0 ) = (K /K o )} w here ( k / k 0 ) i s  t h e  r a t i o  o f
$ $r e a c t i o n  r a t e  c o n s t a n t s  and (K /Ko ) i s  t h e  r a t i o  o f  th e  e q u i l i b r iu m
c o n s ta n t s  be tw een  th e  r e a c t a n t s  and t h e i r  r e s p e c t i v e  t r a n s i t i o n  s t a t e s .
The fo l lo w in g  e q u a t io n s  may be d e r iv e d  f o r  t h e  accompanying h y p o t h e t i c a l
t r a n s i t i o n  s t a t e  e q u i l ib r iu m :
RY + Po tt RqY + P* R e a c t io n  2
AAF* = AAe|  -  RT In  (iIQ*) (4 )
AAF* = -RT In  (K*/kJ )  (j>)
AAF = th e  r e l a t i v e  f r e e  energy  f o r  th e  h y p o t h e t i c a l  e q u i l i b r i u m  r e a c t i o n .  
$
AAE = th e  r e l a t i v e  p o t e n t i a l  en e rg y  o f  a c t i v a t i o n .
In  p r i n c i p l e ,  AAF sh o u ld  be c a p a b le  o f  b e in g  s e p a r a te d  i n t o  
t h e  c o r r e s p o n d in g  q u a n t i t i e s  d e r iv e d  f o r  t h e  p r e v io u s  e q u i l i b r i u m ,  
Rea c t i o n  JL; how ever, c a l c u l a t i o n  o f  t h e s e  q u a n t i t i e s  i s  n o t  p o s s i b l e  in  
th e  t r a n s i t i o n  s t a t e  e q u i l i b r i u m ,  R e a c t io n  2,  due t o  o u r  l a c k  o f  know-: 
le d g e  o f  t h e  p r o p e r t i e s  o f  th e  t r a n s i t i o n  s t a t e .  An im p o r ta n t  an a lo g y  
i s  t h a t  th e  r e l a t i v e  f r e e  energy  o f  t h i s  l a t t e r  r e a c t i o n  may a l s o  be 
c o n s id e re d  to  be  composed o f  te m p e r a tu r e  in d e p e n d e n t  p o t e n t i a l  en e rg y  
and te m p e ra tu re  dep en d en t k i n e t i c  energy  te rm s .
W hile thermodynamics does n o t  p ro v id e  a method f o r  s e p a r a t i n g  
t h e  v a r io u s  c o n t r i b u t i o n s  to  a f r e e  en erg y  r e l a t i o n s h i p ,  t h r e e  b a s i c  
e f f e c t s  have been  o b se rv ed  e x p e r im e n ta l ly  and a s s ig n e d  i n t u i t i v e l y  as
Jh
c o n t r i b u t o r s  t o  AAF . These a r e  (a )  p o l a r ,  (b ) r e s o n a n c e ,  and (c )  
s t e r i c  c o n t r i b u t i o n s .  The a p p l i c a b i l i t y  o f  q u a n t i t a t i v e l y  s e p a r a t i n g  
th e  r e a c t i o n  c o n t r i b u t i o n s  i n t o  s e p a r a t e  p o t e n t i a l  and k i n e t i c  energy  
te rm s i s  d o u b t f u l ,  how ever, s i n c e  b o th  p o l a r  and s t e r i c  e f f e c t s  may i n ­
v o lv e  p o t e n t i a l  as w e l l  as k i n e t i c  energy  te rm s .  T a f t  s t a t e s  t h i s  id e a
in  th e  f o l l o w in g  m anner: 14
I t  i s  im p o r ta n t  to  remember t h a t  by t h e  p r e s e n t  
c o n v e n t io n  p o l a r  and s t e r i c  e f f e c t s  t r a n s c e n d  th e  
s e p a r a t i o n  o f  f r e e - e n e r g y  term s to  p o t e n t i a l -  and 
k i n e t i c - e n e r g y  t e r n s ,  _i._e., b o th  ty p e s  o f  energy  may 
c o n t r i b u t e  to  e i t h e r  o f  t h e s e  e f f e c t s .  I t  i s  in  f a c t  
d o u b t f u l  t h a t  t h e  s e p a r a t i o n  o f  p o t e n t i a l  and k i n e t i c  
energy  e f f e c t s  ( i f  i t  co u ld  be accom plished  e a s i l y  
and p r e c i s e l y )  would be a g e n e r a l l y  u s e f u l  way o f  
f a c t o r i n g  r e a c t i v i t y .  From a c o n s i d e r a t i o n  o f  th e  
o r i g i n  o f  p o l a r ,  s t e r i c  and re so n an c e  e f f e c t s  on 
r e a c t i o n  r a t e s ,  i t  i s  t o  be e x p e c te d  t h a t  t h e s e  e f ­
f e c t s  g e n e r a l l y  have  b o th  p o t e n t i a l -  and k i n e t i c -  
energy  c o n t r i b u t i o n s .
The p rob lem  o f  s e p a r a b i l i t y  o f  en erg y  c o n t r i b u t i o n s  i s  n o t  e n t i r e l y
h o p e l e s s ,  how ever: i f  a s e r i e s  o f  k i n e t i c  te rm s p a r a l l e l s  a s e r i e s
o f  p o l a r  o r  s t e r i c  p o t e n t i a l  energy  t e r m s , th e n  b o th  s e r i e s  may be
combined i n t o  co m p o si te  p o l a r  o r  s t e r i c  e x p r e s s io n s  f o r  co n v en ie n c e .
T hat i s ,  i t  i s  m ore c o n v e n ie n t  to  c o n s id e r  t h e  c o n t r i b u t i o n s  t o  th e
r e a c t i v i t y  o f  a  m o le c u le  i n  term s o f  th e  p o l a r ,  r e s o n a n c e ,  and s t e r i c
in f l u e n c e s  th a n  i n  te rm s o f  k i n e t i c  and p o t e n t i a l  e n e r g i e s .  F o r
example:
AAF = AAF . +  AAF + AAF . ( 6 )p o l a r  re s o n a n c e  s t e r i c  —
The above r e l a t i o n  h o ld s  o n ly  i f  t h e  p o t e n t i a l  and k i n e t i c  energy  
term s c o n t r i b u t i n g  to  t h e  p o l a r  o r  s t e r i c  e f f e c t s  a r e  p a r a l l e l  t o  one 
a n o th e r .  T h is  r e s t r i c t i o n  does n o t  seem to  impose to o  g r e a t  a  demand 
on th e  a b i l i t y  o f  t h i s  app roach  t o  d e s c r i b e  a c c u r a t e l y  s t r u c t u r e -  
r e a c t i v i t y  r e l a t i o n s h i p s  so  long  as t h e  r e a c t i o n  c e n t e r  and th e  s u b s t i ­
t u e n t  a r e  n o t  w i t h i n  i n t e r a c t i o n  d i s t a n c e  t o  one a n o th e r .
In  a r e a c t i o n  s e r i e s  i n c o r p o r a t i n g  m eta  and p a r a  s u b s t i t u ­
t i o n ,  t h e  r a t e s  o f  r e a c t i o n  a r e  a lm o s t  always a r e f l e c t i o n  o f  th e  p o la r
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e f f e c t s  a lo n e ,  s i n c e  th e  geom etry  o f  s u b s t i t u t i o n  a l lo w s  f o r  no s t e r i c  
i n t e r a c t i o n s  be tw een  t h e  s u b s t i t u e n t  and t h e  r e a c t i o n  c e n t e r  i n  t h e  
t r a n s i t i o n  s t a t e .  The r e s u l t i n g  l i n e a r  f r e e  e n e rg y  r e l a t i o n s h i p  i l ­
l u s t r a t e s  why th e  Hammett e q u a t i o n  h a s  been  so e f f e c t i v e  in  c o r r e l a t i n g  
th o u s a n d s  o f  r e a c t i o n  r a t e s  and e q u i l i b r i a ,  s i n c e  t h e  p o l a r  e f f e c t s  in  
t h e s e  r e a c t i o n s  a r e  a p p a r e n t l y  p r o p o r t i o n a l  t o  one  a n o th e r .
U n lik e  t h e  good c o r r e l a t i o n s  o f  m e ta  and p a r a  r e a c t i v i t i e s ,  
t h e  Hammett e q u a t io n  does  n o t  u s u a l l y  a p p ly  t o  r e a c t i o n s  in  w hich  th e  
s u b s t i t u e n t  i s  r e l a t i v e l y  c l o s e  t o  t h e  r e a c t i o n  c e n t e r  such  as  i n  th e  
c a s e  o f  a l i p h a t i c  compounds o r  o - s u b s t i t u t e d  b en zen e  d e r i v a t i v e s .  T h is  
d i s c r e p a n c y  i s  a r e s u l t  o f  k i n e t i c  e n e rg y  c o n t r i b u t i o n s  w hich a r e  n o t  
p r o p o r t i o n a l  to  t h e  p o t e n t i a l  en e rg y  c o n t r i b u t i o n s  t o  t h e  f r e e  en erg y  
e x p r e s s i o n .  Hammett s t a t e s : 14
I t  i s ,  t h e r e f o r e ,  v e ry  p r o b a b le  t h a t  t h e  p r o x i ­
m ity  e f f e c t s  a c t s  th ro u g h  and i s  t h e  d i r e c t  r e s u l t  o f  
t h e  k i n e t i c  en erg y  te rm s  i n  t h e  e q u i l i b r i u m  and r a t e  
e q u a t io n s  and t h a t  when, i n  s p e c i a l  c a s e s ,  t h e s e  te rm s  
v a n is h  f o r  r e a c t i o n  i n  t h e  o p p o s i t i o n ,  t h e  r a t e  o f  
r e a c t i o n  i n  t h a t  p o s i t i o n  i s  n e a r l y  i d e n t i c a l  w ith  
t h a t  in  t h e  £ - p o s i t i o n .
I n  o r d e r  t o  a c c u r a t e l y  a s s e s s  t h e  p o l a r  c h a r a c t e r i s t i c s  o f  
o r th o  s u b s t i t u e n t s  i n  a  m anner c o m p a t ib le  w i th  t h e  Hammett a p p ro a c h  
f o r  m e ta  and p a r a  s u b s t i t u e n t s ,  t h e  f o l l o w i n g  c r i t e r i a  m ust be  t r u e  - -  
e i t h e r  t h e  i n t e r a c t i o n s  ( o t h e r  th a n  e l e c t r o n i c )  l i s t e d  p r e v i o u s l y  
( S e c t io n  I I )  w hich  i n f l u e n c e  t h e  k i n e t i c  e n e rg y  te rm s  m ust be  a b s e n t  
from  th e  sy s te m , p r o p o r t i o n a l  t o  t h e  p o t e n t i a l  en e rg y  te rm s  , o r  con­
s t a n t  th ro u g h o u t  th e  r e a c t i o n  seq u en ce  o r  m easu rem en t.  In  any o f  
t h e  t h r e e  c a s e s ,  a  l i n e a r  f r e e  en e rg y  r e l a t i o n s h i p  w i l l  r e s u l t  b e t ­
ween t h e  e f f e c t s  o f  s t r u c t u r e  upon t h e  r e a c t i v i t y  o f  a  m o le c u le .
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I f  th e  k i n e t i c  en e rg y  terms a r e  a b se n t  from  th e  f r e e  energy  
e x p r e s s i o n , a  l i n e a r  p l o t  w i l l  be  p roduced  as i l l u s t r a t e d  by t h e  s o l i d  
l i n e s  i n  F ig u re s  1 and 2. I f  t h e  k i n e t i c  energy  te rm s  a re  p r e s e n t  and 
p r o p o r t i o n a l  to  t h e  p o t e n t i a l  energy  t e r m s ,  th e  f o l lo w in g  d e r i v a t i o n  
shou ld  b e  a p p l i c a b l e :
AAF = AAFp + AAFk
AAFK »AAFp = K(AAFp)
AAF = AAFp + K(AAFp)
AAF = AAFp (1 + K) (2)
AAF = r e l a t i v e  f r e e  energy c o n t r i b u t i o n s  from k i n e t i c  energy s o u r c e s .K.
AAFp = r e l a t i v e  f r e e  energy c o n t r i b u t i o n s  from p o t e n t i a l  energy  s o u rc e s .  
The r e s u l t i n g  e x p r e s s io n  (2 )  r e q u i r e s  t h a t  th e  s lo p e  o f  th e  l i n e  (p ,  in  
th e  Hammett a p p ro a ch )  shou ld  b e  d i f f e r e n t  f o r  th e  c a s e  o f  p r o p o r t i o n a l  
k i n e t i c  energy  c o n t r i b u t i o n s  [ s lo p e  = (1 +  K) ] th a n  f o r  .the c a s e  o f  no 
k i n e t i c  energy  c o n t r i b u t i o n s  ( s lo p e  = K ) . The l i n e a r  f r e e  e n e rg y  p lo t s  
f o r  t h e s e  two exam ples a r e  i l l u s t r a t e d  by th e  d o t t e d  and s o l i d  l i n e s ,  
r e s p e c t i v e l y ,  in  F ig u r e  1,
I f  th e  k i n e t i c  en e rg y  term s a r e  c o n s ta n t  i n  th e  f r e e  energy  
e x p r e s s i o n ,  th e  fo l lo w in g  a n a l y s i s  i s  a p p l i c a b l e :
AAF = AAFp + AAFk
AAF = AAFp+ c o n s t .  ( 8 )
The r e s u l t i n g  l i n e a r  f r e e  en e rg y  p lo t  i n c o r p o r a t i n g  c o n s ta n t  k i n e t i c  
energy  te rm s  i s  d i s p l a c e d  from  th e  o r i g i n a l  p l o t  c o n ta i n in g  no k i n e t i c  
energy  te rm s  by a  c o n s ta n t  amount as i l l u s t r a t e d  by t h e  d o t t e d  and 
s o l i d  l i n e s ,  r e s p e c t i v e l y ,  i n  F ig u re  2. I f  th e  Hammett app roach  i s  
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F ig u r e  1
L in e a r  f r e e  e n e rg y  p l o t s  f o r  r e a c t i o n s  i n c o r p o r a t i n g  o r th o  s u b s t i t u t i o n  
i n  w hich t h e r e  a r e  no k i n e t i c - e n e r g y  c o n t r i b u t i o n s  ( s o l i d  l i n e )  and p ro ­
p o r t i o n a l  p o t e n t i a l -  and k i n e t i c - e n e r g y  c o n t r i b u t i o n s  ( d o t t e d  l i n e ) .
AAF
lo g  k
F ig u r e  2
L in e a r  f r e e  e n e rg y  p l o t s  f o r  r e a c t i o n s  i n c o r p o r a t i n g  o r th o  s u b s t i t u t i o n  
i n  which th e r e  a r e  no k i n e t i c - e n e r g y  c o n t r i b u t i o n s  ( s o l i d  l i n e )  and con­
s t a n t  k i n e t i c - e n e r g y  c o n t r i b u t i o n s  ( d o t t e d  l i n e ) .
on ly  one p l o t  i s  o b ta in e d  f o r  o r t h o ,  m e ta ,  and p a r a  s u b s t i t u t i o n  ( a s ­
suming t h a t  H e x h i b i t s  t h e  same c o n s t a n t  k i n e t i c  en erg y  i n f l u e n c e  i n  
t h e  o r th o  p o s i t i o n  as o t h e r  s u b s t i t u e n t s ) ,  and o n ly  one rho  v a lu e  i s  
n e c e s s a r y .
Jaff<£ p h ra s e s  t h e  above p r i n c i p l e s  i n  th e  fo l lo w in g  m anner: 15
The c o n s ta n c y  o f  e n t ro p y  te rm s ,  o r  t h e i r  d i r e c t ,  
dependence on t h e  e n th a lp y  te rm s ,  i s  a n e c e s s a r y  con­
d i t i o n  f o r  t h e  v a l i d i t y  o f  t h e  Hammett e q u a t io n .
The above s ta t e m e n t  i s  e q u a l l y  t r u e  f o r  o r th o  as w e l l  as  p a r a  s u b s t i t u ­
t i o n .  The a t t a in m e n t  o f  t h e  above p r e r e q u i s i t e s  f o r  a l i n e a r  f r e e  
en erg y  e x p r e s s io n  i s  in d eed  d i f f i c u l t  t o  a c h ie v e  i n  ifiost c a s e s  o f  
o r th o  s u b s t i t u t i o n  and may w e l l  be  th e  r e a s o n  why i n v e s t i g a t i o n s  i n  
t h i s  f i e l d  h av e  met w i th  l i m i t e d  s u c c e s s .
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IV. P r e v io u s  Approaches t o  th e  D e te rm in a t io n  o f  Ortho S u b s t i t u e n t  
C o n s ta n ts :
The s tu d y  o f o r t h o - s u b s t i t u t e d  compounds and th e  co n co m itan t  
q u e s t  f o r  o r th o  s u b s t i t u e n t  c o n s t a n t s  r e l a t i n g  th e  " t r u e "  e l e c t r o n i c  
e f f e c t s  o f  th e  s u b s t i t u e n t  in  th e  p a s t  have ta k en  two d i s t i n c t  c o u r s e s .  
The f i r s t  ap p roach  i s  i l l u s t r a t e d  by th e  s ta n d a rd  Hammett t r e a tm e n t  o f  
r e a c t i v i t y  d a t a  from a system  in  which th e  r e a c t i o n  c e n t e r  i s  rem ote  
from th e  o r th o  s u b s t i t u e n t .  A l t e r n a t e l y ,  a system  in  which th e  t r a n s i ­
t i o n  s t a t e  i s  f r e e  o f  s t e r i c  and o t h e r  p ro x im ity  e f f e c t s  may be u s e d .
A second  ap p ro ach  in v o lv e s  t h e  measurement and c o r r e l a t i o n  o f  p h y s ic a l  
p a ra m e te r s  o f  compounds l i k e w i s e  unencumbered w i th  o r th o  i n t e r a c t i o n s .  
These l a t t e r  m easurem ents  have  been  m ain ly  s p e c t r o s c o p i c ,  and in  g e n e r a l  
have  b een  th e  m ost s u c c e s s f u l  in  d e s c r ib in g  o r th o  e l e c t r o n i c  e f f e c t s  in  
t h e  ab sen ce  o f  m e an in g fu l  r e a c t i v i t y  d a t a ,  s in c e  in  many c a s e s  th e  
geom etry  o f  t h e  ^ - s u b s t i t u t e d  benzene  d e r i v a t i v e  can be a l t e r e d  th ro u g h  
s o l v a t i o n  o r  h y d ro g en -b o n d in g  in f l u e n c e s  so t h a t  o b se rv ed  p a ra m e te rs  
(change  i n  a b s o r p t io n  f r e q u e n c y ,  ch em ica l s h i f t ,  e t c . ) r e f l e c t  no 
s t e r i c  i n t e r a c t i o n s .  U s u a l ly  s p e c t r o s c o p ic  methods have  t h e  a d d i t i o n a l  
a d v a n ta g e  t h a t  t h e  o b se rv ed  e l e c t r o n i c  e f f e c t s  o r i g i n a t e  o n ly  from th e  
ground s t a t e  o r  t h e  t r a n s i t i o n  s t a t e ,  and n o t  a co m b in a tio n  o f  b o th  
a s  commonly o c c u rs  in  s im p le  r e a c t i v i t y  m easurem ents.
In  a lm o s t  ev e ry  in s t a n c e  o f  p re v io u s  work w i th  o r t h o - 
s u b s t i t u t e d  benzene  d e r i v a t i v e s ,  a t te m p ts  have been  made t o  m in im ize  
th e  p ro x im i ty  i n t e r a c t i o n s  which in t r o d u c e  n o n - l i n e a r  a s p e c t s  i n t o  th e  
f r e e  en erg y  r e l a t i o n s h i p .  These a t te m p ts  have most o f t e n  ta k e n  th e  
form o f  e l i m i n a t i n g  s t e r i c  e f f e c t s  betw een th e  o r th o  s u b s t i t u e n t  and
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r e a c t i o n  c e n t e r , ' b u t  even  th e  m ost im p re s s iv e  o f  t h e s e  a t t e m p t s 24 h as  
n o t  met w ith  com ple te  s u c c e s s .  A nother i n t r i g u i n g  p rob lem  w hich sh o u ld  
be k e p t  in  mind in  re v ie w in g  th e  p a s t  a t te m p ts  a t  th e  d e t e r m in a t io n  o f  
o r th o  sigma v a lu e s  i s  how th e s e  c o n s t a n t s  can  be  used  in  t h e  d e s c r i p ­
t i o n  o f  o th e r  r e a c t i o n s  which do i n c o r p o r a t e  s t e r i c  e f f e c t s .
A. O rtho S u b s t i t u e n t  E f f e c t s  from R e a c t io n  R ate  and E q u i l ib r iu m  
D ata:
S in c e  Hammett i n  h i s  work on o r th o  s t r u c t u r e - r e a c t i v i t y  e f ­
f e c t s  o b ta in e d  most o f  h i s  d a ta  from r e a c t i o n s  which ex c lu d e d  " o r th o  
e f f e c t s "  o r  p ro x im i ty  i n t e r a c t i o n s ,  i t  would seem a p p r o p r i a t e  t o  b e g in  
th e  s e a rc h  f o r  o r th o  s u b s t i t u e n t  c o n s t a n t s  w i th  r e a c t i o n s  w hich do n o t  
i n t e r j e c t  s t e r i c  p a ra m e te rs  i n t o  th e  l i n e a r  f r e e  energy  e x p r e s s i o n .
The p rem ise  t h a t  in  th e  absence  o f  p r o x im i ty  e f f e c t s  r e a c t i v i t i e s  o f  
^ - s u b s t i t u t e d  compounds shou ld  p a r a l l e l  th o s e  o f  th e  c o r r e s p o n d in g  £ -  
s u b s t i t u t e d  compounds h a s  been p o s t u l a t e d  many t im es  f o r  r e a c t i o n s  o f  
t h i s  ty p e ,  and t h i s  c o n c lu s io n  i s  n o t  a t  a l l  s u r p r i s i n g  i n  v iew  o f  th e  
f a c t  t h a t ,  s u p e r f i c i a l l y ,  on ly  a s p a t i a l  r e l a t i o n s h i p  d i f f e r e n t i a t e s  
th e  iso m e rs .  However, s i n c e  r e a c t i o n s  in v o lv in g  o r th o  s u b s t i t u t i o n  
a r e  r a r e l y  e n t i r e l y  f r e e  o f  t h e s e  e f f e c t s ,  t h e  a c t u a l  o b s e r v a t i o n s  o f  
p a r a l l e l  r e a c t i v i t i e s  t o  d a te  have  been  few and have  met w i th  l i t t l e  
en th u s ia sm . Not a l l  o f  th e  p e r t i n e n t  r e a c t i o n  d a t a  c o n c e rn in g  o r th o  
s u b s t i t u t i o n  c an  be d i s c u s s e d  h e r e ,  b u t  a few o f  t h e  more im p o r ta n t  
p a p e r s  shou ld  be m en tioned  to  i l l u s t r a t e  th e  method o f  a p p ro a c h .
In  a  r e c e n t  p a p e r 16 th e  r e a c t i v i t i e s  o f  £ - h a lo g e n a te d  b e n z o ic  
a c id s  w i th  d ia zo d ip h en y lm e th an e  i n  e th a n o l  were  r e p o r t e d  t o  be  ab o u t  3 
t im es  g r e a t e r  th a n  th o s e  o f  th e  c o r r e s p o n d in g  j j - s u b s t i t u t e d  compounds;
the same order of reactivities (F > Cl > Br > I) was obtained for both
f i c i e n t l y  removed from th e  s u b s t i t u e n t  in  th e  t r a n s i t i o n  s t a t e  t h a t  
p r im a ry  s t e r i c  i n t e r a c t i o n s  a r e  a b s e n t .
u s u a l  l i n e a r  p a r a l l e l  in  t h e  e n t r o p i e s  o f  i o n i z a t i o n  o f  £ -  and £ -  
s u b s t i t u t e d  p h e n o l s ;  t h i s  c o r r e l a t i o n  shows c l e a r l y  t h a t  no anomalous 
e n t ro p y  e f f e c t s  a r i s i n g  from  o r th o  s u b s t i t u e n t s  a r e  p r e s e n t  i n  t h i s  
sy s tem . The a u th o r s  s u g g e s te d  t h a t  t h e  dominant e f f e c t  in  t h e  i o n i z a ­
t i o n  o f  b o th  (3- and ^ - s u b s t i t u t e d  p h e n o ls  i s  a s u b s t i t u e n t - i n d u c e d  
d i s t u r b a n c e  o f  t h e  TT-electron d e n s i t y  o f  th e  benzene  r i n g ,  c a u s in g  
l a r g e  changes in  th e  s t a t e  o f  s o l v a t i o n  about th e  c o r r e s p o n d in g  pheno- 
x id e  a n io n .  T h is  change i n  s o l v a t i o n  i s ,  i n  t u r n ,  r e f l e c t e d  i n  th e  
e n t r o p i e s  o f  i o n i z a t i o n .  The a u th o rs  a l s o  c o n c lu d ed  from t h e i r  d a ta  
t h a t  th e  s t e r i c  and e l e c t r o n i c  f a c t o r s  govern ing  th e  i o n i z a t i o n  o f  £ -  
s u b s t i t u t e d  p h e n o ls  a r e ,  on th e  w h o le ,  analogous t o  th o s e  o f  t h e  £ -  
s u b s t i t u t e d  compounds. T h is  c o n c lu s io n  was m a n i f e s t e d  by th e  e x c e l l e n t  
c o r r e l a t i o n s  w i th  th e  fo u r  p a ra m e te r  e m p i r ic a l  e q u a t io n  o f  F a r t h i n g  and
Nam18 (S e c t io n  V) which u s e s  a v a lu e s  f o r  b o th  o r t h o  and p a r a  s u b s t i -
P
t u e n t s .  Th is  r e a c t i o n  i l l u s t r a t e s  a comment made by Hammett19 about 
th e  l a c k  o f  p r o x im i ty  e f f e c t s  i n  th e  r e a c t i o n s  o f  t h e  phenox ide  a n io n .
s e r i e s .  In  t h i s  sy s te m , t h e  r e a c t i o n  s i t e  was p o s t u l a t e d  to  b e  s u f -
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B o l to n ,  H a l l ,  and R eece1 '" d r a m a t i c a l l y  d e m o n s tra te d  t h e  un-
Stubbs and H inshelw ood20 i n  s tu d y in g  th e  b e n z o y la t io n  o f  sub­
s t i t u t e d  a n i l i n e s  in  benzene s o l u t i o n  found no r e l a t i o n s h i p  betw een  th e  
r a t e  o f  r e a c t i o n  and t h e  s i z e  o f  th e  s u b s t i t u e n t  on th e  a n i l i n e  r i n g .
+ HCI
0 - >9
They f u r t h e r  found t h a t  th e  p o l a r  e f f e c t s  o f  t h e  o r th o  s u b s t i t u e n t s  
were g r e a t e r  th a n  th o s e  o f  th e  c o r re sp o n d in g  p a r a  s u b s t i t u e n t s ,  and 
t h a t  th e  two s e r i e s  p a r a l l e l e d  one a n o th e r  in  t h e  r e a c t i v i t y  o r d e r  o f  
th e  s u b s t i t u e n t s .
norm al" i n  t h i s  sy s tem , s in c e  th e  e n t ro p y  o f  a c t i v a t i o n  was found t o  be 
th e  same f o r  a l l  s u b s t i t u t e d  a n i l i n e s .  The en e rg y  o f  a c t i v a t i o n  f o r  th e  
o r th o  h a lo  compounds, how ever, was ob se rv ed  t o  be a p p ro x im a te ly  I 5OO 
c a l o r i e s / m o l e  g r e a t e r  th an  f o r  t h e  c o r re sp o n d in g  p a ra  s u b s t i t u t e d  a n i ­
l i n e s ,  i n d i c a t i n g  a  g r e a t e r  e l e c t r o n i c  e f f e c t  o f  th e  o r th o  s u b s t i t u e n t  
o v e r  th e  p a r a  one. These a u th o r s  a l s o  found t h a t  th e  r a t e s  o f  21 d i ­
s u b s t i t u t e d  a n i l i n e s  (16  o f  which c o n ta in e d  o r th o  s u b s t i t u e n t s )  were 
e x c e l l e n t l y  d e s c r ib e d  by th e  r e s u l t a n t  sum o f  t h e  i n d i v i d u a l  s u b s t i t u e n t  
c o n t r i b u t i o n s .  T h is  p o in t  w i l l  be d i s c u s s e d  in  more d e t a i l  i n  P a r t  I I ,  
S e c t io n  X I I .
v a ry in g  i n s t e a d  th e  s u b s t i t u e n t  on t h e  benzoy l c h l o r i d e  and u s in g  un­
s u b s t i t u t e d  a n i l i n e .  These w orkers  found r e s u l t s  an a logous  to  th e
The e f f e c t  o f  th e  o r th o  s u b s t i t u e n t  was term ed " p e r f e c t l y
M ather and S h o r t e r 21 examined th e  same r e a c t i o n  as above ,
p re v io u s  i n v e s t i g a t i o n  and showed as w e l l  t h a t  t h e  p r e - e x p o n e n t i a l  
te rm  in  t h e  A rrh e n iu s  e x p r e s s io n  d id  n o t  change f o r  c>-, m - , o r  £ -  
s u b s t i t u t e d  compounds. From t h i s  f a c t  i t  was co n c lu d ed  t h a t  s t e r i c  
e f f e c t s  are. u n im p o r ta n t  i n  t h e  b e n z o y la t io n  r e a c t i o n  i n  b e n zen e . From 
models t h e s e  a u th o r s  s u g g e s te d  t h a t  th e  t r a n s i t i o n  s t a t e  f o r  t h i s  r e ­
a c t i o n  i s  one in  w hich a s u b s t i t u e n t  can be  p la c e d  i n  t h e  o r th o  p o s i ­
t i o n  o f  th e  a n i l i n e  p o r t i o n  o f  t h e  m o le c u le  w i th o u t  s t e r i c  s t r a i n .
t h i s  ty p e ,  t h a t  i s ,  r e a c t i o n s  in  w hich th e  r e a c t i o n  c e n t e r  i s  w e l l -
These a u th o r s  co u ld  f in d  no o b v io u s  o r th o  e f f e c t  o p e r a t in g  in  t h e  above 
system  and t h e r e f o r e  c a l c u l a t e d  f o u r  oq v a lu e s  from th e  e q u a t io n  c o r ­
r e l a t i n g  cr w i th  th e  r a t e  d a t a  f o r  t h e  met a and p a r a  s u b s t i t u t e d  com­
pounds . I t  sh o u ld  be p o in te d  o u t  f o r  a c c u r a c y ,  how ever, t h a t  sigma
U  H *
Mamalis and Rydon,-22 s tu d y in g  th e  a l k a l i n e  f i s s i o n  o f  ( 2- 
a ro y lo x y e th y l ) d im e th y ls u lp h in iu m  io d id e s  su g g e s te d  t h a t  r e a c t i o n s  o f
removed from th e  s u b s t i t u e n t ,  can  be u sed  to  a s s e s s  a c c u r a t e  o  v a l u e s .o
R
C02 C H2CH2S Me21 + OH"i ^ n o n .
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v a lu e s  o b ta in e d  from compounds i n  w hich t h e r e  can  be  no re s o n a n c e  
i n t e r a c t i o n s  be tw een  th e  r i n g  and t h e  r e a c t i o n  c e n t e r  f a l l  i n t o  t h e  
c a te g o ry  o f  T a f t ' s  ct°  c o n s t a n t s „2 3 » The o r th o  s u b s t i t u e n t  c o n s t a n t s  
from t h i s  sy s tem  sh o u ld  th e n  be d e s ig n a te d  as CT° v a l u e s .
Jo n es  and S m ith11 h av e  s i m i l a r l y  r e p o r t e d  v a lu e s  d e r iv e d  
from  th e  u n im o le c u la r  v a p o r  p h ase  p y r o l y s i s  o f  o - s u b s t i t u t e d  i s o p r o p y l  
b e n z o a te s ,  w hich form s p ro p en e  and t h e  c o r r e s p o n d in g  b e n z o ic  a c i d s .
T h is  system  was ch o sen  f o r  t h e  d e t e r m in a t io n  o f  o r th o  s u b s t i t u e n t  con­
s t a n t s  b e c a u se  o f  t h e  e x t re m e ly  good c o r r e l a t i o n  o f  t h e  m eta  and p a r a  
r e a c t i o n  d a t a  w i th  t h e  T a f t  e q u a t io n ,  lo g  k / k Q = a ° p ° ,  and b e c a u se  th e  
sys tem  was e x p e c te d  t o  a l lo w  o n ly  seco n d a ry  s t e r i c  e f f e c t s  and sm a l l  
p ro x im i ty  e f f e c t s  even f o r  _ o - s u b s t i tu t e d  compounds in  t h i s  h ig h -  
t e m p e ra tu re  r e a c t i o n .  S e v e ra l  v a lu e s  w ere  c a l c u l a t e d  and compared 
w i th  l i m i t e d  s u c c e s s  to  th e  r e a c t i v i t y  d a t a  from s i m i l a r  r e a c t i o n s  in  
th e  l i t e r a t u r e .
The fo l lo w in g  exam ple i l l u s t r a t e s  t h e  u s e  o f  a  sy stem  d e s ig n e d  
s p e c i f i c a l l y  f o r  t h e  e l u c i d a t i o n  o f  o r th o  s u b s t i t u e n t  e f f e c t s .  Newman 
and M e r r i l l 24 s y n th e s iz e d  th e  , m - , and j> - s u b s t i t u t e d  p h e n y lp r o p io l i c  
a c id s  c o n ta i n in g  t h e  C l , N02 , and OCH3 s u b s t i t u e n t s  i n  hopes  o f  o b t a i n ­




* See Appendix I  f o r  th e  d e f i n i t i o n s  o f  sigma c o n s t a n t s  u se d  in  t h i s  d i s ­
s e r t a t i o n .
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a c id  sys tem  i l l u s t r a t e d  above was chosen  p r i m a r i l y  b e c a u se  o f  t h e  ab­
sence  o f  s i g n i f i c a n t  s t e r i c  i n t e r a c t i o n s  be tw een  t h e  o r th o  s u b s t i t u e n t  
and t h e  c a rb o x y l  g ro u p ,  and b ecau se  e l e c t r o n i c  e f f e c t s  co u ld  be e f f e c ­
t i v e l y  t r a n s m i t t e d  to  t h e  c a rb o x y l  from th e  r i n g  v i a  ex ten d ed  co n ju g a ­
t i o n  th ro u g h  t h e  a c e t y l e n i c  l in k a g e .
The s u b s t i t u e n t  c o n s t a n t s  c a l c u l a t e d  f o r  t h e  m eta  and p a r a  
s u b s t i t u e n t s  from  th e  i o n i z a t i o n  d a t a  o f  t h e  p h e n y lp r o p io l i c  a c id s  can 
be u sed  to  c o r r e l a t e  th e  r a t e s  o f  a c id  c a t a l y z e d  e s t e r i f i c a t i o n  o f  t h e s e  
same a c i d s  s a t i s f a c t o r i l y ,  b u t  t h e  o r th o  sigm a c o n s t a n t s  c a l c u l a t e d  from 
th e  i o n i z a t i o n  r e a c t i o n  do n o t  obey th e  same l i n e a r  r e l a t i o n s h i p . 24 
These same o r th o  sigma c o n s t a n t s  w ere  found to  p a r a l l e l  th e  pKa’s o f  
c innam ic  a c id s  r a t h e r  th a n  th o s e  o f  b e n zo ic  a c i d s ,  b u t  were s t i l l  un­
s u c c e s s f u l  in  c o r r e l a t i n g  r e a c t i o n s  o th e r  th a n  th e  one from w hich th ey  
were d e r iv e d .
Solomon and F i l l e r 25 expanded th e  above work to  in c lu d e  th e  
£ - ,  m - , and £ -F  and -CF3 s u b s t i t u e n t s  and u sed  th e  o r th o  s u b s t i t u e n t  
c o n s t a n t s  f o r  a l l  7 s u b s t i t u e n t s  ( i n c l u d i n g  H) t o  s u c c e s s f u l l y  d e s c r ib e  
th e  r e a c t i o n  o f  s u b s t i t u t e d  pheny lp i p i o l i c  a c id s  w i th  d ip h e n y ld ia z o -  
m ethane in  EtOH s o l u t i o n .  These  s u b s t i t u e n t  c o n s t a n t s  a g a in  do n o t  
seem t o  be  g e n e r a l l y  a p p l i c a b l e  to  a l l  o r th o  r e a c t i o n s  i n  w hich s t e r i c  
c o n s i d e r a t i o n s  a r e  m in im a l.  R o b e r ts  and C a rb o n i26 hav e  d i s c u s s e d  th e  
d i s c r e p a n c ie s  o f  t h e s e  c o n s t a n t s  in  term s o f  th e  ch an g in g  b a la n c e  
betw een com parab le  i n d u c t i v e  and f i e l d  e f f e c t s  o f  t h e  o r th o  s u b s t i t u e n t .  
These a u th o rs  a rg u e  t h a t  w h i l e  th e  r a t i o  o f  f i e l d  t o  i n d u c t iv e  e f f e c t s  
i s  a lm o s t  th e  same f o r  th e  m eta  and p a r a  s u b s t i t u e n t s ,  t h e  f i e l d  e f f e c t  
becomes more p ro m in en t  f o r  t h e  more p o l a r  s u b s t i t u e n t s  in  t h e  o r th o
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p o s i t i o n ,  thus  d e s t r o y in g  th e  l i n e a r  f r e e  energy r e l a t i o n s h i p  f o r  o r th o  
s u b s t i t u e n t s  in  t h i s  system .
In  a n o th e r  approach  to  th e  problem  o f  t h e  r e a c t i v i t y  o f o- 
s u b s t i t u t e d  compounds, McDaniel and Brown27 chose  t o  use t h e  pKa 
measurem ents o f  s u b s t i t u t e d  p y r id in e s  as  a r e f e r e n c e  system , c i t i n g  
th e  argum ents  t h a t  t h e  p y r id i n e  m o le c u le  i s  f r e e  from i n t e r a c t i o n s  
from th e  o r th o  p o s i t i o n  and t h a t  s t e r i c  i n h i b i t i o n  o f  r e so n a n c e  in  
t h i s  sy s tem  i s  im p o s s ib le .  F u r th e rm o re ,  s o lv a t io n  e f f e c t s  and s t e r i c  
i n h i b i t i o n  o f  s o l v a t i o n  were i n d i c a t e d  to  be r e l a t i v e l y  u n im p o r tan t  
fo r  t h e  p y r id in e  m o le c u le .  D e v ia t io n s  from l i n e a r i t y  between th e  pKa 
v a lu e s  o f  _ o - s u b s t i tu te d  p y r id i n e  b a se s  and c o rre sp o n d in g  _ o -s u b s t i tu te d  
a ro m a tic  a c id s  and b a se s  d e r iv e d  from benzene w ere  su g g es ted  to  p ro v id e  
a m easure  o f  th e  o r th o  e f f e c t  o f  th e  s u b s t i t u e n t  i n  th e  p a r t i c u l a r  
a c id  o r  b a se  under c o n s i d e r a t i o n .  U n f o r t u n a t e ly ,  t h i s  system  was 
found t o  be p r a c t i c a b l e  on ly  f o r  h a lo g e n  and a l k y l  s u b s t i t u e n t s .
Groups such as -NH2 , -N02 , -CHO, -COCH3 , -CO^H, and -OH were n o t  con­
s id e r e d  a p p l i c a b le  t o  t h i s  s tu d y  due t o  e x t r a  re so n an c e  c o n t r i b u t i o n s  
in  e i t h e r  th e  p y r i d i n e  m o lecu le  or t h e  c o r re sp o n d in g  p y r id in iu m  io n .
B a s i c a l l y ,  th e  above approach  assumes t h a t  th e  p y r i d i n e  
system  i s  a p e r f e c t  model f o r  o r th o  r e a c t i v i t i e s  i n  which a l l  compli­
c a t i n g  e f f e c t s  a r e  a b s e n t .  R o b e r t s , 26 however, su g g es ted  t h a t  Brown's 
d a ta  a r e  i n v a l id  f o r  c o n s id e r a t io n s  o f  o r th o  s u b s t i t u e n t  c o n s t a n t s ,  
s in c e  t h e  f i e l d  e f f e c t  was p ro b ab ly  o p e ra b le  in  t h e  m easurements o f  
th e s e  pKa v a lu e s .  The f i e l d  e f f e c t s  a r e  a l so  p r e s e n t  to a d i f f e r e n t  
d eg ree  i n  th e  d e te r m in a t io n  o f  pK a 's  o f  th e  p y r id i n e s  than  i n  th e  ben­
zo ic  a c id  s e r i e s .  C h ar to n 28 has  d i s c u s s e d  t h i s  p o i n t  in  d e t a i l  and h a s
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concluded  t h a t  t h e  p y r id in e  s e r i e s  c a n n o t  be u sed  f o r  a m odel sy s tem  
in  w hich t o  s tu d y  "norm al" e f f e c t s  o f  o r th o  s u b s t i t u e n t s .
P erhaps  th e  most s u c c e s s f u l  m ethod o f  d e te r m in in g  o r th o  s u b ­
s t i t u e n t  c o n s t a n t s  from r e a c t i v i t y  m easurem ents  h a s  been  d e v is e d  by 
T a f t . 23 F o l lo w in g  a s u g g e s t io n  o f I n g o l d ,  T a f t  re a so n e d  t h a t  th e
r a t i o  o f  r a t e  c o n s t a n t s  (k / k  ) fo r  t h e  a l k a l i n e  and a c i d i c  h y d r o ly s e sA
o f  o - s u b s t i t u t e d  e t h y l  b e n z o a te s  i s  a f u n c t io n  o n ly  o f  t h e  p o l a r  e f ­
f e c t s  from  th e  s u b s t i t u e n t .  C e r t a i n ly  s t e r i c  e f f e c t s  a r e  p r e s e n t  i n  
each s e p a r a t e  r e a c t i o n  as i s  ev id en ced  by th e  d e v i a t i o n s  from  th e  
l i n e a r  f r e e  energy  e x p r e s s io n  f o r  e i t h e r  th e  a c i d i c  o r  b a s i c  h y d r o l y s i s  
o f  th e  ^ - s u b s t i t u t e d  e s t e r  a l o n e . 30 T a f t ,  how ever, r e a s o n e d  t h a t  t h e  
s t e r i c  i n f l u e n c e s  (a s  w e ll  a s  th e  re s o n a n c e  e f f e c t s )  in  t h e  t r a n s i t i o n  
s t a t e  f o r  a c i d i c  and b a s ic  c a t a l y z e d  r e a c t i o n s  i s  a p p ro x im a te ly  t h e  
same and  t h a t  t h e  s t e r i c  e n e rg y  terms c a n c e l  in  t h e  r a t i o  o f  th e  two 
r e a c t i o n  r a t e s .
r R n •4“ r R n_ _ / OH / 0
X  H /\C )V— C- • OR ( (  )V“0- - ORV - y  \ JZ01___1 OH
T r a n s i t i o n  S t a t e  fo r  T r a n s i t i o n  S t a t e  f o r
A c id ic  H y d ro ly s is  B as ic  H y d ro ly s is
The H am m ett- l ik e  e x p re s s io n  f o r  th e  r e a c t i o n  r a t e  c o n s t a n t s  f o r  t h e  a c i d i c  
and b a s i c  h y d ro ly s e s  o f  th e  s u b s t i t u t e d  e s t e r s  may be w r i t t e n  as f o l lo w s :
lo g (k B/ k o ) = apB +  s + R (2)
log (kA/ k o ) -  opA +  S + R (10 )
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S and R a r e  s t e r i c  and re s o n a n c e  te rm s  c o m p r is in g  t h e  t o t a l  l i n e a r  f r e e  
en e rg y  e x p r e s s io n .  S u b t r a c t i n g  th e  two e x p r e s s io n s  g iv e s
lo g ( k B/ k o ) -  lo g ( k A/ k Q) = l o g ( k B/ k A) = tf*(pB - p A)
( i i )
T h ree  b a s i c  a ssu m p tio n s  must be made f o r  th e  s u c c e s s f u l  c u lm in a t io n  o f
t h i s  a p p ro ach :  ( l )  t h e  r e l a t i v e  f r e e  e n e rg y  o f  a c t i v a t i o n  as d e s c r ib e d
by l o g ( k / k Q) i s  composed o f  t h e  in d e p e n d e n t  sum o f  p o l a r  (cr*), s t e r i c
( s ) ,  and re so n a n c e  ( r )  e f f e c t s ;  (2 )  t h e  c o r r e s p o n d in g  s t e r i c  and
re s o n a n c e  e f f e c t s  in  each  r e a c t i o n  a r e  c o m p a ra b le ,  J-._e., t h e  s t e r i c
and re s o n a n c e  en erg y  te rm s  c a n c e l  in  t h e  combined e q u a t i o n  (h L ) ;  and
(3 ) t h e  p o l a r  e f f e c t s  o f  t h e  s u b s t i t u e n t  in  t h e  a l k a l i n e  h y d r o ly s i s
r e a c t i o n  c o m p le te ly  overshadow  th o s e  i n  t h e  c o r r e s p o n d in g  a c i d i c  r e -
a c t i o n .  T h is  l a s t  a ssu m p tio n  a l lo w s  t h e  e s t i m a t i o n  o f  a  v a lu e  f o r
(p-o “ P a )  *-n  fo l lo w in g  m anner:B A  •
In  o r d e r  to  e f f e c t i v e l y  p l a c e  th e  above e q u a t io n  ( l l )  on th e
same s c a l e  as  t h e  Hammett e q u a t i o n ,  t h e  ra n g e  o f  v a lu e s  f o r  ( 2 .2  t o
2 . 8 ) and p ( - 0 .2  t o  O .5 ) were a p p l i e d ,  and a v a lu e  o f  2.kQ was a r b i -A
t r a r i l y  chosen  f o r  t h e  te rm  (p  -  pA) .  By r e a r r a n g e m e n t ,  e q u a t io n  ( l l )Jj A
now became th e  d e f i n i t i o n  f o r  a new sigm a c o n s t a n t ,  cr*, w hich d e s c r ib e d  
th e  p o l a r  e f f e c t s  o f  o r th o  s u b s t i t u e n t s  in  t h e  ab se n c e  o f  anomalous 
s t e r i c  and re so n a n c e  e f f e c t s :
= 2 ^ 5  [ l ° s ( k ' V B -  ^
I t  i s  im p o r ta n t  t o  remember t h a t  l o g ( k / k Q) . v a lu e s  f o r  e i g h t  
s u b s t i t u e n t s  were d e te rm in e d  by T a f t  from f i v e  r e a c t i o n s  o f  o - s u b s t i t u t e d  
ben zen e  d e r i v a t i v e s  f o r  which a c i d i c  and b a s i c  r e a c t i o n  d a ta  w ere  known. 
These v a lu e s  a r e  l i s t e d  i n  column A o f  T a b le  I .
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In  summary, as  a n a t u r a l  e x te n s io n  o f  th e  Hammett e q u a t i o n ,  
th e  u se  o f  r e a c t i v i t y  d a t a  f o r  t h e  d e te r m in a t io n  o f  o r th o  s u b s t i t u e n t  
c o n s t a n t s  i s  p e rh a p s  th e  m ost l o g i c a l  ap p ro a ch ;  u n f o r t u n a t e l y ,  r e a c t i ­
v i t y  m easurem ents  f o r  o- s u b s t i t u t e d  benzene  d e r i v a t i v e s  more o f t e n  
th a n  n o t  r e f l e c t  m a in ly  p ro x im i ty  i n t e r a c t i o n s  even though  a t t e m p ts  
have been  made in  some c a s e s  to  m in im ize  t h e s e  o r th o  e f f e c t s .  I n  m ost 
exam ples , th e  r e s u l t s  a r e  w id e ly  s c a t t e r e d  and a r e  o f t e n  i n c o n s i s t e n t  
from one ex p e r im en t  to  th e  n e x t .  Only T a f t ' s  a-* v a lu e s  a r e  u sed  t o  any 
e x t e n t  i n  th e  l i t e r a t u r e . 31 I n s t e a d  o f  d e s c r i b i n g  th e  f r e e  en erg y  ex ­
p r e s s i o n  f o r  a r e a c t i o n ,  how ever , th e y  a r e  u s u a l l y  u sed  f o r  s u b s t a n t i a t ­
ing  t h e  ab sen ce  o f  s t e r i c  i n t e r a c t i o n s .  Whereas t h e  v a lu e s  f o r  c* 
a r e  v e ry  u s e f u l  i n  th e  l a t t e r  r e s p e c t ,  t h e  n a t u r e  o f  t h e i r  d e f i n i t i o n  
i s  i n  t h i s  a u t h o r ' s  o p in io n  h ig h ly  q u e s t i o n a b l e .  I n  s h o r t ,  t h e  
v a lu e s  d e r iv e  t h e i r  c u r r e n t  p o p u l a r i t y  n o t  from t h e i r  a c c u ra c y  (w hich 
i s  n o t  a t  t h e  moment known) o r  t h e i r  t h e o r e t i c a l  s o u n d n e s s ,  b u t  r a t h e r  
from t h e i r  c o n s i s t e n c y  and th e  r e l i a b i l i t y  o f  T a f t ' s  w ork.
B. O rtho S u b s t i t u e n t  E f f e c t s  from P h y s ic a l  and S p e c t r a l  D a ta :
The second  app roach  t o  t h e  d e t e r m in a t io n  o f  o r th o  s u b s t i t u e n t  
c o n s t a n t s  in v o lv e s  th e  m easurem ent and c o r r e l a t i o n  o f  p h y s i c a l  and 
s p e c t r a l  d a t a  f o r  o - s u b s t i t u t e d  compounds. T h is  method a p p ea rs  t o  be 
th e  most s u c c e s s f u l  manner f o r  a s s e s s i n g  t h e s e  c o n s t a n t s  in  t h e  ab se n c e  
o f  m e an in g fu l  r e a c t i v i t y  d a t a .  But w h i le  s p e c t r o s c o p ic  d a t a ,  f o r  
exam ple, p r o v id e  s u b s t i t u e n t  v a lu e s  w hich a r e  more e a s i l y  i n t e r p r e t ­
a b le  i n  term s o f  ground s t a t e  o r  t r a n s i t i o n  s t a t e  e l e c t r o n i c s ,  t h e  
r e l i a b i l i t y  o f  such  m easurem ents  w i th  r e s p e c t  to  a c t u a l  r e a c t i v i t y  con­
s i d e r a t i o n s  can o f t e n  be q u e s t io n e d .  In  a l l  c a s e s ,  how ever, th e  u l t i m a t e
t e s t  o f  any s u b s t i t u e n t  c o n s t a n t  l i e s  in  i t s  a b i l i t y  to  d e s c r ib e  a c ­
c u r a t e l y  t l ie  e l e c t r o n i c  i n f l u e n c e s  i n  th e  f r e e  energy  e x p r e s s io n ;  t h u s ,  
sigma v a lu e s  o b ta in e d  in  t h i s  manner must in  t h e  end be r e l a t e d  t o  
r e a c t i v i t y  d a t a .
I n  a r e c e n t  p a p e r  Bray and B arnes32 r e p o r t e d  th e  35C1 
n u c l e a r  q u ad ru p o le  re s o n a n c e  (NQR.) f r e q u e n c i e s  f o r  s u b s t i t u t e d  c h lo r o -  
benzenes  and r e l a t e d  t h e s e  p a ra m e te r s  to  t h e  c o r re s p o n d in g  Hammett 
sigm a v a l u e s .  A r e l a t i o n s h i p  be tw een  th e  35C1 re s o n a n c e  f r e q u e n c i e s  
and Hammett sigma c o n s t a n t s  was p ro p o s e d ,  s i n c e  b o th  a r e  m easures  o f  
th e  e l e c t r o n  d e n s i t y  a t  t h e  h a l o g e n - s u b s t i t u t e d  p o s i t i o n .  A s a t i s f a c ­
t o r y  c o r r e l a t i o n  o f  re s o n a n c e  f r e q u e n c i e s  from t h e  m- and ^ - s u b s t i t u t e d  
ch lo ro b e n z e n e s  and Hammett a  v a lu e s  was o b s e rv e d .  For th e  c a s e s  o f
o r th o  s u b s t i t u t i o n  th e  a u th o r s  n o te d  t h a t  t h e  b e s t  ct v a lu e s  w hicho
q u a l i t a t i v e l y  d e s c r ib e d  t h e i r  re s o n a n c e  f r e q u e n c i e s  w ere  th o s e  d e r iv e d  
from th e  s im p le  Hammett e x p r e s s io n  f o r  th e  i o n i z a t i o n  o f  j o - s u b s t i t u t e d  
b e n z o ic  a c i d s ,  b u t  i t  was a l s o  found t h a t  t h e  s t e r i c  f a c t o r s  w hich 
u s u a l l y  cau se  f a i l u r e  o f  t h e  Hammett r e l a t i o n  f o r  o r th o  s u b s t i t u e n t s  
d id  n o t  seem to  in f l u e n c e  th e  e l e c t r o n  d i s t r i b u t i o n  a t  th e  a d j a c e n t  
C-Cl b o nd , th u s  a l lo w in g  th e  d e t e r m in a t io n  o f  new aQ v a l u e s .  The r e ­
s u l t s  o f  t h e s e  w o rk e r s ,  how ever, a r e  n o t  as u s e f u l  as was i n i t i a l l y  
th o u g h t ,  s i n c e  t h e  Hammett sigma c o n s t a n t s  a s s ig n e d  by t h i s  method 
s u f f e r  from p o o r a ccu racy  \ ±0 .5  O')) and th e  m ethod h a s  o n ly  l i m i t e d  
e x p e r im e n ta l  a p p l i c a b i l i t y .
A r e c e n t  r e p o r t 33 from o t h e r  l a b o r a t o r i e s  c a s t s  doub t on 
w h e th e r  NQR p a ra m e te rs  a r e  r e a l l y  a m easurem ent o f  th e  t o t a l  e l e c t r o n i c  
env ironm ent c o n s i s t i n g  o f  b o th  i n d u c t iv e  and re s o n a n c e  e f f e c t s  o r
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m e re ly  a measurem ent o f  i n d u c t i v e  e f f e c t s  a l o n e ,  p a r a l l e l i n g  th e  19F 
nmr s h i e l d i n g  p a ra m e te r s  o f  Gutowsky89 (v id e  i n f r a ) .  T h ese  R u ss ia n  
w o rk e r s 33 found t h a t  a  much b e t t e r  c o r r e l a t i o n  e x i s t e d  be tw een  r e f i n e d  
NQR f r e q u e n c i e s  f o r  s u b s t i t u t e d  c h lo ro b e n z e n e s  and th e  i n d u c t i v e  p a r a ­
m e t e r ,  CTj, b u t  t h a t  even t h i s  c o r r e l a t i o n  was n o t  e x a c t .
S h a e f e r ,  e t  e l . 34  s t u d i e d  t h e  amino p ro to n  nmr c h em ica l  
s h i f t s  o f  41 o - , m - , and £ - s u b s t i t u t e d  a n i l i n e s  in  c y c lo h e x a n e  s o l u t i o n  
and found  a l i n e a r  r e l a t i o n  betw een  th e  r e l a t i v e  chem ica l s h i f t s  (Av, 
w i th  a n i l i n e  a s  th e  r e f e r e n c e )  and Hammett m e ta  and p a r a  s u b s t i t u e n t  
c o n s t a n t s ,  o r t h o - S u b s t i t u t e d  a n i l i n e s  were c o r r e l a t e d  m o d e ra te ly  w e l l  
w i th  T a f t ’s o* c o n s t a n t s ,  b u t  th e  c o r r e l a t i o n  l i n e  was - 0 . 5  Av (ppm) . 
below  th e  m eta  and p a ra  l i n e .  T h is  b e h a v io r  o f  o - s u b s t i t u t e d  a n i l i n e s  
was i n t e r p r e t e d  i n  term s o f  weak h yd rogen  b o n d in g  between t h e  o r th o  
s u b s t i t u e n t  and t h e  -NH2 g ro u p .
An i n t e r e s t i n g  o b s e r v a t i o n  o f  p a r a l l e l  e f f e c t s  from  o r th o  
and p a r a  s u b s t i t u e n t s  was r e p o r t e d  by Baker and  S h u lg in 3 5 , who s t u d i e d  
th e  i n f r a r e d  s t r e t c h i n g  f r e q u e n c i e s  o f  th e  i n t r a m o l e c u l a r l y  h y d ro g en -  
bonded h y d ro x y l i n  some _ o - s u b s t i tu t e d  S c h i f f  b a s e s .
Hammett cro c o n s t a n t s  o b ta in e d  from t h i s  sy s tem  were e x p e c te d  to  r e f l e c t  
minimum s t e r i c  e f f e c t s  from th e  s u b s t i t u e n t  and to  p r o v id e  a c c u r a t e  
m easurem ents o f  t h e  e l e c t r o n i c  e f f e c t s  from t h e  o r th o  p o s i t i o n .  T hese
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a u th o r s  found t h a t  i n d u c t iv e  and re so n a n c e  e f f e c t s  ten d ed  to  be g r e a t e r
in  th e  o r th o  p o s i t i o n  th an  i n  t h e  p a r a  one , aQ c o n s t a n t s  d e r iv e d  from
t h i s  system  a r e  l i s t e d  in  column jG o f  T ab le  I .
The a  c o n s t a n t s  t a b u l a t e d  in  T ab le  I  show some i n t e r e s t i n g  o
t r e n d s :
(.1) In  a lm o s t  every  c a s e  o f  an e l e c t r o n  w ith d raw in g  s u b s t i t u e n t ,  
th e  o r th o  one i s  s t r o n g e r  t h a n  th e  p a ra  one .
(2 )  The o r d e r  o f  e l e c t r o n - w i th d r a w in g  a b i l i t y  f o r  o r th o  s u b s t i ­
t u e n t s  ( d e s c r ib e d  by th e  <j p a ra m e te r )  i s  r a r e l y  changed from  th e  o r d e r  
o b se rv ed  f o r  p a r a  s u b s t i t u e n t s ;  _i._e.j NOg > H alogens > CH3 > OCH3 .
( 3 ) The e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  u s u a l l y  show no c o n s i s t e n t  
t r e n d  among th e m s e lv e s ;  f o r  exam ple, m ost I n v e s t i g a t i o n s  show £-OMe t o  
be a g r e a t e r  e l e c t r o n  d o n a to r  th an  jD-OMe, w hereas t h e  r e v e r s e  i s  t r u e  
f o r  o— and £~CH3 o r  -NHg.
TABLE I
CTq VALUES CALCULATED FROM VARIOUS REACTION AND EQUILIBRIUM DATA3
le ac -
: io n H F Cl Br I N0P Me OMe OEt NHp  _ OH
A 0 .0 0 0 .2 4 0 .2 0 0 .2 1 0 .2 1 0 .8 0 - 0 .1 7 - 0 .3 9 - 0 .3 5
B 0 ,0 0 o . o 6 0 .2 1 0 .2 0 0 .7 6 - 0 .1 4 - 0 .2 7 - 0 .2 5 -O .38
C 0 .0 0 0 .3 8 1 .00 - 0 .1 5 - 0 .3 7 - 0 .1 5
D 0 .0 0 0 . 4 0 .9 5 - 0 .1 -O .35 - 0 .2
Eb 0 .0 0 0 .1 6 0 .3 1 0 .9 4 - 0 .1 6 - 0 .5 3
F 0 .0 0 0 .2 9 1 0 .2 1 9 O.296 0 .341 0 .0 0 3
G 0 . 0 0 0 .1 7 0 . 2 2 - 0 .1 4 - 0 .3 4
H 0 . 0 0  • O.32 0 .6 4 5 - 0 .120 - 0 . 0 8 0
I 0 . 0 0 0 .420 0 -7 5 7 0 .0 -0 .0 4 1
? 0 . 0 0 0 .2 7 0 .5 7
K 0 . 0 0 O.53 0 .6 7
L 0 . 0 0 0 .3 4 0 . 6 6 - 0 .0 2 - 0 .3 0
M 0 . 0 0 0 . 1 2 0 .2 9  .
Nb 0 . 0 0 ■ 0 .9 3 1 . 2 8 1 .3 3 1 . 3  V 1 .99 0 .2 9 0 . 1 2 - 0 . 0 1 1 . 2 2
TABLE I  (C ontinued)
ob o .o o  0 . 5 4  0 . 6 8  0 .7 0  0 .6 3  1 .2 4  - 0 .1 3  0 .0 0
Pb 0 .0 0  0 . 5 4  0 . 6 8  0 .7 0  O .63  1.40 - 0,13  0 .04 0.04
a .  Many o f t h e s e  sigma c o n s ta n t s  have  been  p r e v io u s ly  t a b u l a t e d  by C harton  [M. C h ar to n , J .̂ Am. Chem. 
Soc . , 8 6 , 2033 (1 9 6 4 )]  a n d /o r  by Jones  and Smith [D. A. D. Jones  and G. G. S m ith ,  J .  Org. Chem. , 
2 9 , 3531 (1 9 6 4 ) ] .
b .  crQ v a lu e s  f o r  o th e r  s u b s t i t u e n t s  may b e 'f o u n d  by c o n s u l t in g  th e  p e r t i n e n t  r e f e r e n c e .
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V. E m p ir ic a l  R e l a t io n s h ip s  f o r  D i s s e c t i n g  O rtho  R e a c t i v i t y  D ata:
Once a c c u r a t e  v a lu e s  f o r  a c o n s t a n t s  in  t h e  absen ce  o f  o r th oo
i n t e r a c t i o n s  a re  known, th e  p rob lem  o f  how t o  t r e a t  t h e  d a ta  f o r  r e a c ­
t io n s  i n  w hich o r th o  i n t e r a c t i o n s  jlo o ccu r  becomes p ro m in e n t .  One 
method w ould  use  t h e s e  oq v a lu e s  in  c o n ju n c t io n  w i th  t h e o r e t i c a l l y  de ­
r iv e d  e x p r e s s io n s  f o r  th e  o r th o  e f f e c t s  ( a  t h e o r e t i c a l - e m p i r i c a l  ap­
p ro a c h ) .  The f a u l t  w i th  t h i s  i d e a  l i e s  i n  o u r  i n a b i l i t y  t o  d e s c r ib e  
a d e q u a te ly  th e  i n t e r a c t i o n s  t h a t  a r e  e x p e r im e n ta l ly  known, and th e  p o s ­
s i b i l i t y  e x i s t s  t h a t  o t h e r  e f f e c t s  may be p r e s e n t  w i th o u t  b e in g  re c o g ­
n iz e d .  R ic h i e  and S a g e r36 p o i n t  o u t  t h a t  d e v i a t i o n s  o c c u r  even in  th e  
su p p o sed ly  i d e a l  c a s e s  o f  meta and p a ra  s u b s t i t u t i o n ,  and f u r t h e r  
s t a t e  t h a t  " th e  v e ry  e x i s t e n c e  o f  such c a s e s  i n d i c a t e s  t h a t  f a c t o r s  
o th e r  t h a n  th e  commonly supposed ones a f f e c t  r e a c t i v i t i e s , "  They a l s o  
p o in t  o u t  t h e  f a l l a c y  i n  assum ing " t h a t  a l l  d e v i a t i o n s  a r e  due to  f a c - s 
t o r s  w hich  we a l r e a d y  u n d e rs ta n d  and can q u a n t i t a t i v e l y  e v a l u a t e . "  I f  
such i s  t h e  case  f o r  m eta  and p a r a  s u b s t i t u e n t  c o n s t a n t s ,  th e n  th e  
t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  r e a c t i v i t i e s  o f  _ o - s u b s t i tu t e d  compounds 
by use  o f  oq v a lu e s  and su b se q u e n t  i n t e r a c t i o n  p a ra m e te r s  must resound  
w ith  i n a c c u r a c i e s .  N e v e r t h e l e s s ,  no o th e r  m ethod f o r  s o lv in g  t h i s  
problem i n  a manner c o m p a t ib le  w i th  th e  Hammett a p p ro ach  f o r  meta and 
p a ra  s u b s t i t u t e d  compounds a p p e a rs  c a p a b le  o f  s u c c e s s ,
T a f t 37 h as  p roposed  a s e m i - e m p i r ic a l  method f o r  c o r r e l a t i n g  
d a ta  from r e a c t i o n s  in c lu d in g  o r t h o  s u b s t i t u t i o n  w i th  a  ^ -p a ra m e te r  
e q u a t io n  d e s c r i b i n g  t h e  r e a c t i v i t i e s  o f  o - s u b s t i t u t e d  compounds in  
terms o f  in d ep en d en t  p o l a r  and s t e r i c  e f f e c t s  ( I 3 ) t
l o g ( k / k Q) = cr*p* +  6Eg (1 3 )
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w h e re .c *  and p* a r e  s u b s t i t u e n t  and r e a c t i o n  c o n s t a n t s  r e l a t i n g  t h e  
p o l a r  e f f e c t  upon th e  r e a c t i o n  r a t e ,  and E i s  a p a ra m e te r  r e l a t i n g  th e  
s t e r i c  i n t e r a c t i o n  e f f e c t  o f  a s u b s t i t u e n t .  5 i s  a p r o p o r t i o n a l i t y  
c o n s t a n t  r e l a t i n g  th e  d e g re e  o f  s t e r i c  p a r t i c i p a t i o n .  The l i m i t a t i o n s  
on t h i s  e q u a t io n  are- t h a t  on ly  p o l a r  and s t e r i c  e f f e c t s  sh o u ld  i n ­
f l u e n c e  th e  p l a n a r  f r e e  energy  r e l a t i o n s h i p  ( o r  more a c c u r a t e l y ,  t h a t  
s t e r i c  e f f e c t s  sh o u ld  p re d o m in a te  o v e r  o t h e r  o r th o  e f f e c t s )  and a l s o  
t h a t  p o l a r  and s t e r i c  e f f e c t s  shou ld  be  a d d i t i v e .  T a f t  d e fe n d s  t h i s  
l a t t e r  p o in t  t o  g r e a t  l e n g t h . 37
E i s  an i n t e r e s t i n g  p a r a m e te r ,  i n  t h a t  i t  i s  d e te rm in e d  i n -  s
d e p e n d e n t ly  from T a f t ' s  p o l a r  s u b s t i t u e n t  c o n s t a n t s ,  and i t  o f f e r s  a
m ethod fo r  e s t i m a t i n g  s t e r i c  i n t e r a c t i o n s  w i th  some r e l i a b i l i t y .  The
o n ly  o t h e r  m ethod f o r  d e s c r i b i n g  s t e r i c  e f f e c t s  i s  th ro u g h  th e  u s e  o f
c o n fo rm a t io n a l  f r e e  e n e r g i e s . 38 E i s  o b ta in e d  from a few r e a c t i o n ss
w hich e x h i b i t  a  l i n e a r  s t e r i c  energy  r e l a t i o n s h i p  such t h a t  i n  t h e  d e ­
f i n i n g  r e a c t i o n ,  p o l a r  c o n t r i b u t i o n s  (o*p*) to  th e  r e a c t i o n  r a t e  a r e  
m in im a l and e q u a t io n  (1 ^ )  becomes
lo g ( k / k  ) 5E (14)
O  S
For exam ple , f o r  th e  a c i d i c  h y d r o ly s i s  o f  a l k y l  b e n z o a te s  in  w hich th e  
o r th o  s u b s t i t u e n t  i s  v a r i e d ,  p* i s  n e g l i g i b l e ,  i . e . , t h e  r e a c t i o n  shows 
l i t t l e  o r  no dependence  upon e l e c t r o n i c  e f f e c t s ,  and t h e  r e a c t i o n  r a t e  
r e l a t e s  s t e r i c  e f f e c t s  a lm o s t  e x c l u s i v e l y .  From r e a c t i o n s  such a s  th e  
above o n e ,  Eg v a lu e s  f o r  s u b s t i t u e n t s  u sed  in  a l i p h a t i c  compounds and ct- 
s u b s t i t u t e d  ben zen e  d e r i v a t i v e s  have  b een  t a b u l a t e d . 37 T a f t  has  p r e ­
s e n te d  on ly  two r e a c t i o n s  w hich fo l lo w  e q u a t io n  ( I 5 ) f o r  which a l l  t h e  
p a ra m e te r s  a r e  known. The l a c k  o f  c o r r o b o r a t i n g  e v id e n c e  f o r  th e  u s e  o f
t h i s  e q u a t io n  i s  u n f o r t u n a t e ,  b u t  t h e  e x p e r im e n ta l  d i f f i c u l t i e s  in  ob­
t a i n i n g  o* , p*, and Eg a r e  overw helm ing.'
F a r th i n g  and Nam18 have  ta k e n  a  s i m i l a r  ap p ro ach  to  d e s c r i b i n g  
e m p i r i c a l l y  th e  r e a c t i o n s  o f  £ - s u b s t i t u t e d  benzene  d e r i v a t i v e s ,  b u t  
have  made s e v e r a l  s im p l i f y in g  a ssu m p tio n s  w hich a l lo w  th e  t e s t i n g  o f  
t h e i r  e x p r e s s io n  w i th  r e a c t i o n  r a t e  and e q u i l i b r i a  d a t a  from many r e ­
a c t i o n s .  The t h e o r e t i c a l  im p l i c a t i o n s  o f  t h e s e  s i m p l i f y in g  a ssu m p tio n s  
a r e  n o t  a t  a l l  c l e a r ,  how ever.
Alog k  = aEPE +  a s Ps ( 15)
In  t h e  above e x p r e s s i o n ,  A lo g  k  i s  t h e  d i f f e r e n c e  i n  th e  
lo g a r i th m s  o f  t h e  r e a c t i o n  r a t e  o r  e q u i l i b r i u m  c o n s t a n t s  f o r  th e  sub­
s t i t u t e d  and u n s u b s t i t u t e d  b enzene  d e r i v a t i v e s ,  r e s p e c t i v e l y .  a  andE
<t_ a r e  s u b s t i t u e n t  c o n s t a n t s  r e l a t i n g  e l e c t r o n i c  and s t e r i c  i n f l u e n c e s ,□
r e s p e c t i v e l y ,  from th e  s u b s t i t u e n t  upon th e  r a t e  o r  e q u i l i b r i u m ,  p̂ , 
and p a r e  r e a c t i o n  c o n s t a n t s  r e l a t i n g  th e  t r a n s m i s s i o n  o f  t h e s e  e l e c -D
t r o n i c  and s t e r i c  e f f e c t s ,  r e s p e c t i v e l y ,  from th e  s u b s t i t u e n t  to  th e
r e a c t i o n  c e n t e r .  Two b a s i c  a ssu m p tio n s  a r e  made by t h e s e  a u th o r s :
( l )  cxE = Op (McDaniel and Brown45) f o r  th e  i o n i z a t i o n  o f  ^ - s u b s t i t u t e d
b e n z o ic  a c i d s ,  and (2 )  cr„ = a - ay-, j w here a  i s  t h e  s u b s t i t u e n t  J v '  S o P o
c o n s t a n t  c a l c u l a t e d  f o r  t h e  i o n i z a t i o n  o f  <5-s u b s t i t u t e d  b e n zo ic  a c i d s .
From th e  above a s s u m p t io n s ,  p and p a r e  v a r i a b l e s ,  o b ta in e d  e m p ir ic -E S
a l l y  i n  th e  f o l lo w in g  manner:
A lo g  k  / CTE v
Os '  Pe V  +  Ps
( 16)
y = m • x + b
F a r th i n g  and Nam18 go f u r t h e r  in  d e fe n d in g  t h i s  manner o f  
s u b - d i v i s i o n  and show t h a t  aE i s  a f u n c t i o n  o f  e n th a l p y ,  w h i le  i s  a
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f u n c t io n  o f  e n t r o p y .  S i m i l a r l y ,  when th e  a ro m a t ic  n u c leu s  i s  f a r  r e ­
moved from t h e  r e a c t i o n  s i t e ,  p i s  v e ry  s m a l l ,  im p ly in g  a s t e r i c  de -
u
s c r i p t i o n  f o r  t h i s  p a ra m e te r .
The s u c c e ss  o f  t h i s  e m p i r i c a l  app roach  c an n o t  be  d e n ie d :  f o r
a l l  b u t  2 o f  t h e  b^ r e a c t i o n s  c i t e d  by t h e s e  a u t h o r s ,  t h e  c o r r e l a t i o n  
c o e f f i c i e n t s  w ere  g r e a t e r  th a n  O .9 8 . However, i n  t h i s  a u t h o r ' s  o p in io n ,  
a lm o s t  any f o u r  p a ra m e te r  system  co u ld  be  made t o  g iv e  c u r v e - f i t t i n g  
r e s u l t s  w i th  e q u a l  s u c c e s s  i f  s u f f i c i e n t  v e r s a t i l i t y  o f  2 o f  t h e  p a r a ­
m e te r s  were a l lo w ed  (p and p i n  th e  above ex am p le) .  T a f t ' s  ap p roachb
(v id e  s u p r a ) o f f e r s  more in  t h e  way o f  a t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  
t h e  v a r io u s  p a ra m e te r s  (o n ly  one d e p en d en t v a r i a b l e ,  6 ) b u t  has  n o t  
been  a d e q u a te ly  t e s t e d .
PART TWO
NMR STUDIES OF o-SUBSTITUTED PHENOLS IN DMSO SOLUTION
I .  I n t r o d u c t i o n :
The work d e s c r ib e d  in  t h e  l a t t e r  p a r t  o f  t h i s  D i s s e r t a t i o n  i s  
concerned  w i th  th e  d e t a i l e d  s tu d y  o f th e  e f f e c t s  o f  s u b s t i t u e n t s ,  p a r ­
t i c u l a r l y  o r th o  s u b s t i t u e n t s ,  upon th e  h y d ro x y l  c h em ica l  s h i f t  o f  sub­
s t i t u t e d  p h en o ls  in  d im e th y l  s u l f o x id e  (DMSO). DMSO was chosen  f o r  
t h i s  s tu d y  f o r  s e v e r a l  r e a s o n s ,  th e  most im p o r ta n t  one  b e in g  t h a t  in  
t h i s  s o lv e n t  th e  p h e n o l ic  h y d ro x y l  ch em ica l s h i f t  i s  in d e p en d e n t  o f  con­
c e n t r a t i o n  due to  a lm o s t  e x c lu s iv e  i n t e r m o le c u la r  hydrogen  bon d in g  
be tw een  th e  OH group and th e  s o l v e n t . 66 I n  th e  a b se n c e  o f  c o n c e n t r a ­
t i o n  d ependence , t h e  DMSO-phenol system  o f f e r s  an ex tre m e ly  e a sy  and 
a c c u r a t e  method f o r  s tu d y in g  s u b s t i t u e n t  e f f e c t s  th ro u g h  th e  s t r e n g t h  
o f  t h i s  hydrogen  bond . One o b s e r v a t io n  w hich i s  im p o r ta n t  to  t h e  i n t e r ­
p r e t a t i o n  o f  c h em ica l  s h i f t  d a t a  from £ - s u b s t i t u t e d  p h en o ls  i s  th e  f a c t  
t h a t  a lm os t no s t e r i c  e f f e c t s  a r e  p r e s e n t  i n  t h i s  sy s tem . The com pari­
son o f  o r th o  and p a r a  r e l a t i v e  chem ica l s h i f t s  i s  p r e c i s e l y  l i n e a r .
T h is  u n u su a l  phenomenon i s  one o f  th e  m ost im p o r ta n t  a s p e c t s  o f  t h i s  
D i s s e r t a t i o n ,  s in c e  i n  th e  a b se n c e  o f  s t e r i c  e f f e c t s ,  e l e c t r o n i c  i n ­
f lu e n c e s  from th e  o r th o  s u b s t i t u e n t s  can  now be m easured  a c c u r a t e l y .  
O rtho  s u b s t i t u e n t  c o n s t a n t s  a s s ig n e d  in  t h i s  manner a r e  compared w ith  
r e a c t i v i t y  d a t a  from t h e  l i t e r a t u r e ,  and a  s u r p r i s i n g  number o f  ex­
c e l l e n t  c o r r e l a t i o n s  i s  found. With r e l i a b l e  v a lu e s  fo r  a  , i t  i s  nowo
p o s s i b l e  to  b e g in  t h e  s tu d y  o f  t h e  in d u c t iv e  and re so n a n c e  c o n t r i b u ­
t i o n s  to  t h e  o r th o  p o l a r  e f f e c t s  and to  i n i t i a t e  t h e o r e t i c a l  s t u d i e s  
o f  r e a c t i v i t i e s  i n c o r p o r a t i n g  s t e r i c ,  f i e l d ,  and o t h e r  p ro x im i ty  i n t e r ­
a c t i o n s .
35a
I I .  m- and ^ - S u b s t i t u t e d  Phenols  i n  DMSO S o lu t io n :
The c o r r e l a t i o n  o f  Hammett s u b s t i t u e n t  c o n s t a n t s  w i th  v a r io u s  
p h y s i c a l  and s p e c t r a l  p r o p e r t i e s  o f  s u b s t i t u t e d  benzene  d e r i v a t i v e s  
has  b een  e x t e n s iv e ly  i n v e s t i g a t e d  i n  th e  l a s t  few y e a r s .  F o r  exam ple, 
c o r r e l a t i o n s  o f  th e  p r o to n  a b s o r p t io n s  from nmr s p e c t r a  w i t h  th e s e  
s u b s t i t u e n t  p a ra m e te rs  have  been  p a r t i c u l a r l y  s u c c e s s f u l .  A summary 
o f  t h e  i n v e s t i g a t i o n s  o f  th e  p r o to n  a b s o r p t io n s  from s u b s t i t u t e d  a n i ­
l i n e s ,  th e  m e thy l p r o to n s  in  N ,N - d im e th y la n i l i n e s , th e  m e th o x y l p r o to n s  
in  a n i s o l e s ,  t h e  m e thy l p r o to n s  in  t o l u e n e s ,  t h e  fo rm yl p r o to n s  in  
b e n z a ld e h y d e s , and th e  a c e t y l e n i c  p ro to n s  in  s u b s t i t u t e d  p h e n y la c e ty -  
le n e s  has  been  made by K.ae and D y a l l . 39 The h y d ro x y l  a b s o r p t io n s  from  
s u b s t i t u t e d  p h en o ls  have  been  s i m i l a r l y  s t u d i e d . 40-43
R ecent s t u d i e s  o f  m- and j> - s u b s t i t u t e d  p h e n o ls  i n  DMSO s o l u ­
t i o n  have  d e m o n s tra ted  a  l i n e a r  c o r r e l a t i o n  o f  t h e  h y d ro x y l ch em ica l 
s h i f t  w i th  Hammett a  v a l u e s . 40541 In  th e  p r e s e n t  s tu d y  t h i r t y - t w o  
s e t s  o f  £ -  and £ - s u b s t i t u t e d  p h en o ls  were examined w i th  r e s p e c t  to  
th e  Hammett r e l a t i o n s h i p  in  o r d e r  ( l )  to  r e l a t e  t h e  p o la r  e f f e c t  o f  
th e  o r th o  s u b s t i t u e n t  t o  t h a t  o f  th e  p a r a  one ; ( 2 ) to  c l a r i f y  any 
s t e r i c  e f f e c t s  o p e r a t in g  in  t h i s  sy s te m ; ( 5 ) t o  r e l a t e  q u a n t i t a t i v e l y  
t h e  p o l a r  e f f e c t s  o f  o r th o  s u b s t i t u e n t s  to  th e  Hammett s c a l e ;  and (h )  
t o  e l u c i d a t e  th e  i n d u c t iv e  and re so n a n c e  c o n t r i b u t i o n s  to  t h e  p o la r  
e f f e c t  o f  o r th o  s u b s t i t u e n t s .
One o f  th e  m a jo r  c o n v en ien ces  in  w ork ing  w ith  t h i s  system  i s  
th e  f a c t  t h a t  th e  h y d ro x y l a b s o r p t io n  o f  th e  p h e n o ls  in  DMSO i s  in d e ­
p en d en t o f  c o n c e n t r a t i o n  up to  ~  10$  ( w /v ) , th u s  a l lo w in g  d i r e c t  
c h em ica l  s h i f t  m easurem ents  w i th o u t  t h e  n e c e s s i t y  o f  e x t r a p o l a t i o n  t o
i n f i n i t e  d i l u t i o n .  E l e c t r o n  w ith d raw in g  s u b s t i t u e n t s  d e s h i e l d  t h e  
hydrogen-bonded  OH-DMSO m o ie ty ;  c o n s e q u e n t ly ,  t h e  ch em ica l  s h i f t  r e ­
l a t i v e  to  phenol i s  d e s ig n a te d  as a p o s i t i v e  AS v a lu e .  C o n v e r s e ly ,  
e l e c t r o n  d o n a t in g  s u b s t i t u e n t s  s h i e l d  t h e  h y d ro x y l  p r o to n  c a u s in g  an 
u p f i e l d  s h i f t ,  d e s ig n a te d  as a n e g a t i v e  AS v a l u e .  The ra n g e  o f  h y d ro x y l  
ch em ica l s h i f t s  i s  ab o u t  I 5O Hz. The u n iq u e  p r o p e r t i e s  o f  t h i s  s o l ­
v a te d  h y d ro x y l  group in  t h i s  system  e n a b le  t h e  unambiguous o b s e r v a t io n  
o f  e f f e c t s  t r a n s m i t t e d  from t h e  r i n g .  Not o n ly  i s  th e  h y d ro x y l  p r o to n  
a b s o r p t io n  lo c a t e d  d o w n fie ld  t o  th e  e x t e n t  t h a t  i t  i s  no lo n g e r  i n  th e  
r e g io n  o f  normal p r o to n  a b s o r p t i o n s ,  b u t  a l s o ,  th ro u g h  t h e  s t r e n g t h  o f  
th e  hydrogen  bond , t h e  ch em ica l  s h i f t  a c t s  as  a  s e n s i t i v e  p robe  t o  th e  
t r a n s m is s io n  o f  e l e c t r o n i c  e f f e c t s  from th e  r i n g ,  as m easured  by t h e  
Hammett s u b s t i t u e n t  c o n s t a n t s .
In  o rd e r  t o  d e m o n s t ra te  f u r t h e r  th e  a p p l i c a b i l i t y  and e a s e  
o f  m easu rin g  Hammett s u b s t i t u e n t  c o n s t a n t s  from  nmr s p e c t r a l  d a t a ,  t h e  
h y d ro x y l  chem ica l s h i f t s  o f  s i x  m- and t h i r t y  j> s i ib s t i tu te d  p h e n o ls  in  DMSO 
were p l o t t e d  v s .  s e v e r a l  s e t s  o f  a  v a lu e s  l i s t e d  in  T ab le  I I . *
*  The c o r r e l a t i o n  c o e f f i c i e n t s  ( r )  h e r e  and e lse w h e re  i n  t h i s  D i s s e r ­
t a t i o n  a r e  w e l l  w i t h i n  t h e  a c c e p ta b l e  s ta n d a r d  o f  r  = O.9 6  s e t  by 
J a f f ^ 2 . In  th e  l i s t  o f  s t a t i s t i c a l  d a t a  f o r  t h e  fo r th co m in g  .c o r r e ­
l a t i o n s ,  t h e  fo l lo w in g  seq u en ce  w i l l  b e  o b se rv ed :  [ c o r r e l a t i o n  c o ­
e f f i c i e n t  ( r ) ;  s t a n d a r d  d e v i a t i o n  ( s ) ;  number o f  s u b s t i t u e n t s  ( n ) ] .  
S t a t i s t i c a l  c a l c u l a t i o n  fo rm u las  a r e  th o se  o f  S n ed eco r44 and a r e  
l i s t e d  in  Appendix I I .
TABLE I I
NMR CHEMICAL SHIFT DATA AND SUBSTITUENT CONSTANTS FOR SUBSTITUTED PHENOLS IN DMSO
O rtho S u b s t i t u e n t s Meta S u b s t i t u e n t s P a ra  S u b s t i t u e n t s
S u b s t . 6 ,ppm 6 , ppm A6m
a





H 9 .2 3 0 .0 0 0 .0 0 0 .0 0
F 9 - TO 0 .4 7 9-33 0 .1 0 0 .0 6
Cl 10.00 0 .7 7 9 .8 1 O.58 0 .3 7 9-60 0 .3 7 0 .2 3
Br 10 .0 7 0 .8 4 9 .6 2 O.39 0 .2 3
I 10.20 0 .9 7 9 .60 0 .3 7 0 .1 8
N02 1 0 .8 1 .6 10 .37 1 .1 4 0 .7 1 10 .9 1 .7 0 .7 8 1 .2 7
CN 10 .9 7 1 .7 4 10 .55 1 .3 2 0 .6 6 0 .9 0
cf3 1 0 .4 4 1.21 1 0 .04 0 .8 1 0 .4 3 10.23 1.00 0 .5 4
ch3 9 .1 0 - 0 ,1 3 9 .1 5 - 0 .0 8 - 0 .0 7 9 .0 3 - 0 .2 0 - 0 .1 7
Et 9 .0 7 - 0 .1 6 9 .00 - 0 .2 3 - 0 . I 5
n -P r 9 .0 6 - 0 .1 7  ■ 9 .00 - 0 .2 3 -0 .1 2 6 °
i - P r 9 .0 7 - 0 .1 6 9 .00 - 0 .2 3 - O . I 5I
s-Bu 9 .0 3 ■ -0 .2 0 9 .00 - 0 .2 3 - 0 . 123°
t-B u 9 .1 7 - 0 .0 6 9 .0 3 -0 ,2 0 - 0 .1 9 7
n-Am 9 .0 1 - 0 ,2 2
t-Am 9 .0 8 - O . I 5 9 .0 0 -0 .2 0 - 0 . 190°
C sH u 9 .0 5 - 0 .1 8  - 8 .9 9 - 0 .2 4
VU4oo
TABLE I I  (C o n t in u e d - l )
CH2CH=CH2 9.19
CH^CHCO^Me 10 .17
CHsPh 9 .2 9
CH20H 9 .1 8









OMe 8 .7 6
OEt 8 .6 6
OPh
NHCOMe 9 .2 9
nh2
NMe2 8 .7 8
SMe 9 .5 9
SOMe 10.50
9.05 - 0.20
10.00 o . 7 7
9 .1 2 - 0 .11
9 . 5 5 0 .5 2 - 0 .01
10.57 1 . 5 4 0 .2 2 I . I 5
10.28 1.05 0 .50 O.87
10.45 1.20 0 . 4 5 9 c
10.24 1.01 Q .4 5 6 b o . 656b
10.51 1.08 0 . 6 6 7 c
8 . 5 5 - 0 .6 8 - 0 . 5 7
8 . 8 0 - 0 .45 - 0 .2 7
8 . 8 1 - 0 . 4 2 - 0 . 2 4
9.51 0 .0 8 - 0 .5 2
9 . 0 4 - 0 . 19 0 .00
- 0 . 1 4
8 . 5 1  - 0 . T 2  - 0 . 8 5
9 .56  0 .15  o . o o
l o . o o  0 . 7 7  0 . 4 9
TABLE I I  (C on tinued-2 )
SOsMe 10 .49  1 .26  0 .7 2  1 .05
NO  £ , S .............
a .  From C. D. R i t c h i e  and W. F. S a g e r ,  P ro g . P hys . Org. Chem. , 2 ,  323 (1964) u n le s s  o th e rw is e  d e s ig n a te d .
b .  V. P a l 'm ,  Russ. Chem. Rev. (E n g l ish  T r a n s l . ) ,  9> 471 ( I 96 I )»
c .  H . 'H . J a f f ^ ,  Chem. Rev. , 33 , 191 (1953).
d. J .  G. Traynham and G. A. K n ese l ,  J .  Org. Chem. , 3 I > 5550 ( l 966) .
e .  No hydroxy l a b s o r p t io n  was o b se rv ed .
f .  The hyd roxy l a b s o r p t io n  f o r  jj-am inophenol i n  DMSO has been  r e p o r te d  t o  be  a t  8 .2 8  6 (A6 = - 0 .9 4 ) :  R. J .
O u e l l e t t e ,  Can. J .  Chem. , 4 3 , 707 ( 1965)*
g. n -N itro so p h e n o l  e x i s t s  in  th e  ta u to m e r ic  q u in o id  form in  DMSO: R. K. N o r r i s  and S. S t e r n h e l l ,  Aus. J .
Chem., 19, 841 (1966) . nH
For th e  p a r a  s u b s t i t u e n t s  no c o r r e l a t i o n  was found betw een th e  above
o *s p e c t r a l  d a t a  and e i t h e r  cr.r o r  o r .  The s ta n d a r d  o v a lu e s  o f  McDanielX R
and Brown45 g iv e  on ly  a  poor c o r r e l a t i o n  ( r  = 0 .9 5 2 ;  s = O . I 55; n  =  5 2 ) 
w h ile  th e  <j° v a lu es  o f  T a f t 46 g iv e  a b e t t e r  f i t  w ith  t h e  d a ta  ( r  = O .966 
s = 0 .0 9 5 ;  11 "  18). F o r  th e  same e ig h te e n  s u b s t i t u e n t s ,  <j g iv e s  a 
s t i l l  b e t t e r  c o r r e l a t i o n  ( r  = 0 .9 7 4 ;  s = 0 .1 2 2 ;  n = 1 8 ) .  The c o r r e l a ­
t i o n  o f  a  was t h e r e f o r e  s e le c te d  as th e  b e s t  d e s c r i p t i o n  o f  th e  d a t a  
( r  = O.967; s = 0 . 152; n = 5^)* The l e a s t - s q u a r e s  computed e q u a t io n  
f o r  th e  l a t t e r  c o r r e l a t i o n  i s  as fo l lo w s :
= 0 .720 A5p -  O.O58 ' ( I I )
The d a ta  f o r  t h i s  e q u a t io n  a re  p l o t t e d  in  F ig u r e  5 .
S ix  m - s u b s t i tu t e d  p h en o ls  were s i m i l a r l y  s t u d i e d .  No c o r r e l a ­
t i o n  was found  w ith  t h e  s p e c t r a l  d a ta  and cm o r  cm, and a  poor c o r r e l a -R R
t i o n  was found  w ith  ( r  = 0 .8 9 9 ;  s = O . I I 3 :, n = 7 ) ,  The fo l lo w in g
e q u a t io n  was found f o r  th e s e  l a t t e r  d a ta .
Oj. = 0 .419  A6m + O . I I 5 (1 8 )
However, t h e  Hammett < j  v a lu e s  y i e l d  an e x c e l l e n t  c o r r e l a t i o n  w i thm J
A6m ( r  = 0 .9 8 4 ;  s = O.O5I ;  n = 7 ) .  The fo l lo w in g  e q u a t io n  f o r  th e  
m eta  s u b s t i t u e n t s  was o b ta in e d :
°m = °*5^7 Ao^ + 0 .043  (19)
The d a ta  f o r  t h i s  e q u a t io n  a re  p l o t t e d  in  F ig u r e  4.
When both A6 and AS a r e  combined to  form one s e t  o f  d a t a ,m p
an e q u a l ly  good c o r r e l a t i o n  i s  o b se rv ed  w ith  th e  (j and crm v a lu e s
* The sigma v a lu e s  u sed  in  t h i s  D i s s e r t a t i o n  a r e  d e f in e d  in  Appendix I ,  
accompanied by th e  a p p r o p r ia t e  r e f e r e n c e s .  For th e  most p a r t ,  t h e s e  
and o th e r  sigma v a lu e s  a r e  t a b u l a t e d  by R i t c h i e  and S a g e r .4
k2
( r  = O.9 6 5 ; s = 0 . 1 2 8 ; n = 5 6 ) .  The fo l lo w in g  e q u a t io n  was o b ta in e d :
cr"  = 0 .7 0 1  AS. . -  0 .0 2 8  (20)m,p m,p —
The d a ta  f o r  t h i s  e q u a t io n  a r e  p l o t t e d  i n  F ig u re  5*
The above e q u a t io n  (20) d i f f e r s  s l i g h t l y  from t h a t  o b ta in e d  
by Traynham and K n e se l40 ( r  = O .989; s = O.O6 5 ; n  = F ig u r e  6 ) .
ct~ = O .65O A6 + 0 .0 1 9  (21)m,p m,p —
o r  by O u e l l e t t e . ( r  = 0 .9 9 7 ;  s = O.O5I ;  n  = 22; F ig u r e  7 ) ?
c f = 0 .7 1 0  A6 -  0 .009  (22)m,p m,p —
From th e  above e q u a t io n s  (19 ) and (20) , one may c o n c lu d e
t h a t  p and p. a re  n o t  a c t u a l l y  the  same, b u t  d i f f e r - s l i g h t l y .  T h is  
. ^  3?
d i f f e r e n c e  i s  a p p ro x im a te ly  0 .2  u n i t ,  which i s  n o t  enough d i f f e r e n c e  
t o  w a rra n t  th e  u se  o f  s e p a r a t e  r h o ' s  i n  th e  c o r r e l a t i o n  o f  meta and 
p a r a  ch em ica l s h i f t s .  However, from a t h e o r e t i c a l  v ie w p o in t ,  t h e s e  
d a t a  seem t o  co n firm  l l i n e ' s 48 id e a  t h a t  P ^ P p  atl(T a t e  c o n s i s t e n t  w ith  
t h e  s i m i l a r  c o n c lu s io n s  o f  J a f f ^ . 49
The d a ta  o f  Traynham and K nesel were o b ta in e d  a t  a p p ro x im a te ly  
2 8 ° ,  w hereas  th e  d a t a  o f  O u e l l e t t e  and o f  t h i s  a u th o r  w ere  o b ta in e d  a t  
3|0 ± 1° . T h is  f a c t  accoun ts  f o r  the  d i f f e r e n c e s  in  th e  ch em ica l  s h i f t s  
r e p o r te d  by Traynham and K nese l and in  t h i s  D i s s e r t a t i o n .  The ch em ica l 
s h i f t s  o f  a l l  p heno ls  observed  in  t h i s  work were found to  be tem p era ­
t u r e  d ep en d en t,  and extreme c a r e  was e x e r c i s e d  t o  e q u i l i b r a t e  e v e ry  
sample in  th e  nmr s p e c t ro m e te r  b e fo re  t h e  hyd roxy l chem ica l s h i f t  was
*  An e r r o r  was found47 in  th e  5 ,4 -d im e th y l  s u b s t i t u e n t  c o n s ta n t  t a b u ­
l a t e d  by Traynham and K n e s e l .40 The c o r r e c t e d  e q u a t io n  r e p o r t e d  h e re  
(u s in g  t h e  ct c o n s ta n t s  o f  McDaniel and Brown,45 where a p p l i c a b l e )  has 
been de te rm ined  u s in g  th e  c o r r e c t  v a lu e  o f  -O .3O3 f o r  t h i s  g roup , 
t  This e q u a t io n  was c a l c u l a t e d  from th e  d a ta  o f  O u e l l e t t e . 41
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SIGMfl MINUS VS DELTR DELTR OUELLETTE 
R J OUELLETTE * CRN J CHEM* US. 707 (1965)
r e c o rd e d .  S in c e  t h e  te m p e ra tu re s  o f  t h e  work by O u e l l e t t e  and t h i s  
a u th o r  a r e  a p p ro x im a te ly  th e  same how ever , no e x p la n a t i o n  i s  a p p a r e n t  
f o r  th e  d i f f e r e n c e s  i n  t h e s e  two s e t s  o f  d a t a .  D e s p i t e  t h i s  f a c t ,  t h e  
o v e r a l l  c o n c lu s io n  from  a l l  t h r e e  s o u rc e s  o f  d a t a  i s  c l e a r l y  t h a t  a  
i s  a p p ro x im a te ly  O .J  ( A5) .  Of c o u r s e ,  t h e  more e x a c t  e x p r e s s io n  must 
be a p p l i e d  in  each  c a s e  f o r  a c c u r a t e  d e t e r m in a t io n  o f  sigma c o n s t a n t s  
by t h i s  m ethod. .
D i e t r i c h ,  Nash, and K e l l e r 50 have  s i m i l a r l y  s t u d ie d  t h e  
p h e n o l ic  hydr'Oxyl c h em ica l  s h i f t  i n  a v a r i e t y  o f  s o l v e n t s ,  i n c l u d i n g  
DMSO. T h e i r  d a ta  show, f o r  exam ple, t h a t  o u t  o f  f o u r t e e n  s o l v e n t s  o f  
v a ry in g  p o l a r i t i e s ,  o n ly  p y r i d i n e ,  t r i m e t h y l  p h o s p h a te ,  and h e x am e th y l-  
phosphoram ide  s u rp a s s e d  DMSO in  s h i f t i n g  th e  h y d ro x y l  a b s o r p t io n  o f  
2 ,6 -d im e th y lp h e n o l  d o w n f ie ld .  H exam ethy lphosphoram ide (HMPA) was 
chosen  by th e s e  i n v e s t i g a t o r s  f o r  t h e i r  s tu d y  o f  t h e  i d e n t i f i c a t i o n  o f  
p h e n o l s ,  and t h e i r  r e s u l t s  p a r a l l e l  th o s e  r e p o r t e d  i n  t h i s  D i s s e r t a t i o n  
f o r  p h e n o ls  i n  DMSO. F o r  exam ple , t h e  h y d ro x y l  c h em ica l  s h i f t s  f o r  
a l l  p h e n o ls  in  HMPA a r e  c o n c e n t r a t i o n  in d e p en d e n t  i n  t h e  ra n g e  o f  O.O5 
to  1.0M; ch em ica l  s h i f t s  from m- and j j - s u b s t i t u t e d  p h e n o ls  c o r r e l a t e  
w ith  Hammett a  v a l u e s ,  y i e l d i n g  a  rho  v a lu e  o f  I . 8 3 . T h is  v a l u e  i n d i ­
c a t e s  a l i t t l e  more s e n s i t i v i t y  to  e l e c t r o n i c  e f f e c t s  f o r  p h e n o ls  in  
t h i s  sy s tem  th a n  in  DMSO (p = 1 .4 2 ) .
An i n t e r e s t i n g  r e p o r t  from t h e s e  a u th o r s  i s  t h a t  t h e  u s e  o f  
<j i n  t h e  com parison  o f  t h e  d a t a  w ith  Hammett s u b s t i t u e n t  c o n s t a n t s  
d id  n o t  im prove t h e i r  c o r r e l a t i o n .  Upon s u b m i t t in g  t h e i r  d a t a  t o  
s t a t i s t i c a l  a n a l y s i s ,  how ever, t h i s  a u th o r  f i n d s  t h a t  t h e  co m p ariso n
* O u e l l e t t e  r e p o r t s  a rho  v a lu e  o f  1 .2 9 .
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o f  t h e i r  ch em ica l  s h i f t  v a lu e s  w i th  McDaniel and Brow n's  a  c o n s t a n t s 45 
shows a  poo r c o r r e l a t i o n  ( r  = 0 . 9 3 0 * s = 0 . 127; n = 2 3 ) ,  w h i le  th e  c o r ­
r e l a t i o n  w i th  a  4 shows s i g n i f i c a n t  improvement ( r  = O .96 3 ; s = 0 , 127; 
n = 23 ) .  The e q u a t io n  r e l a t i n g  A5m p **° x> aS f ° ^ ows:
a  = O.657  A5 +  0 .0 2 0  ( 23)m ,p ' 1 m ,p v—
T his  c o r r e l a t i o n  p a r a l l e l s  t h a t  f o r  p h en o ls  in  DMSO w i th  a p p ro x im a te ly
th e  same p r e c i s i o n .  A n o th e r  o b s e r v a t io n  by t h e s e  a u th o r s  which i s
s i m i l a r  t o  r e s u l t s  p r e s e n t e d  l a t e r  i n  t h i s  D i s s e r t a t i o n  i s  t h a t  th e
h y d ro x y l  c h em ica l  s h i f t  from o - s u b s t i t u t e d  p h e n o ls  i n  HMPA c o r r e l a t e
s a t i s f a c t o r i l y  w i th  T a f t ' s  v a l u e s .
From th e  o b s e r v a t io n s  t h a t  AS c o r r e l a t e s  w i th  cr and n o tm m
w ith  o\j.( and i s  r e q u i r e d  in  th e  c o r r e l a t i o n  o f  A6^ v a l u e s ,  i t  i s  e v i ­
den t t h a t  b o th  i n d u c t i v e  and re s o n a n c e  f a c t o r s  i n f l u e n c e  th e  p o s i t i o n  
o f  t h e  h y d ro x y l  a b s o r p t io n  f o r  s u b s t i t u t e d  p h e n o ls  b o th  i n  DMSO and 
HMPA. F o r  t h i s  r e a s o n ,  t h i s  a u th o r  s u g g e s ts  t h a t  t h e s e  system s a l lo w  
a s p e c t r o s c o p ic  m easurem ent to  be  made which i s  c l o s e l y  r e l a t e d  to  
a c t u a l  r e a c t i v i t y  m easu rem en ts .  T h is  o b s e r v a t io n  i s  to  be c o n t r a s t e d  
w i th  t h e  m easurem ent o f  t h e  19F s h i e l d i n g  p a ra m e te r s  from s u b s t i t u t e d  
f lu o ro b e n z e n e s  w hich c o r r e l a t e  w i th  t h e  i n d u c t i v e  s u b s t i t u e n t  c o n s t a n t ,  
Cfj, a l o n e . 51
5̂
I I I .  New P a ra  S u b s t i t u e n t  C o n s ta n ts :
In an e a r l i e r  p a p e r ,  Traynham and K n e se l40 p ro p o sed  new sigma 
c o n s t a n t s  f o r  t h e  m-OCOCsH5 and ^ - 0S02CsH4CH3 - £  groups from th e  h y d ro x y l 
ch em ica l  s h i f t s  o f  th e  s u b s t i t u t e d  p h e n o ls  in  DMSO a t  2 8 ° .  From th e  
d a ta  r e p o r t e d  i n  t h i s  D i s s e r t a t i o n  (T ab le  I I ,  1+0 ± 1°)  and th e  sub­
seq u e n t  s t a t i s t i c a l  c o r r e l a t i o n  w i th  cr [E q u a tio n  (17)1»  th e  fo l lo w in g  
new p a r a  s u b s t i t u e n t  c o n s t a n t s  a r e  p ro p o sed :
TABLE I I I
S u b s t i t u e n t CF
£-CH2C6H5 - 0 .1 2
£ -C 6H h - 0 .2 0
£-CH^CH=CH2 - 0 .1 8
£ -  CH=CHC0 2CH3 0 .5 0
£ - ( ch2 ) 4ch3 - 0 .1 9
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IV. The C o r r e l a t i o n  o f  D e l ta  D e l t a  Ortho w i t h  T a f t ' s  o* C o n s ta n ts :o
The most w id e ly  a c c e p te d  approach  t o  th e  s u b j e c t  o f  o r th o
s u b s t i t u e n t  c o n s t a n t s  to d a y  i s  T a f t ' s  d e r i v a t i o n  of o* c o n s t a n t s . 13o
S in c e  th e  p r im a ry  goa l o f  th e  r e s e a r c h  p r e s e n t e d  in  t h i s  D i s s e r t a t i o n
i s  t o  d e s c r ib e  as a c c u r a t e l y  as p o s s i b l e  t h e  e l e c t r o n i c  e f f e c t s  from
o r t h o  s u b s t i t u e n t s ,  a com parison  betw een th e  hydroxy l c h e m ic a l  s h i f t s
f o r  o - s u b s t i t u t e d  p h e n o ls  In  DMSO and T a f t ' s  a* c o n s ta n t s  was e f f e c t e d .  — o
A m o d e ra te ly  s u c c e s s f u l  c o r r e l a t i o n  was found between A6 and th eo
e i g h t  cr* c o n s t a n t s  ( r  = 0 .934 ',  s = 0 ,0 8 9  ̂ n  = 8 ; £-N02 was o m i t te d ;*  
F ig u r e  8 ) .  Some d e v i a t i o n s ,  how ever, were o b se rv ed .
The u s u a l  p ro c e d u re  f o r  com paring t h e  r e a c t i v i t i e s  o f  <a- 
s u b s t i t u t e d  compounds w i th  T a f t ' s  c o n s t a n t s  i s  to  a t t r i b u t e  any 
d e v i a t i o n s  from  a p r e c i s e  c o r r e l a t i o n  to  o r t h o  e f f e c t s  o p e r a t i n g  upon 
t h e  r e a c t i v i t y  d a t a .  Because m ost i n v e s t i g a t o r s  u n t i l  now have had  
v e r y  l i t t l e  f a i t h  in  t h e i r  a b i l i t y  t o  e x c lu d e  a l l  o r th o  e f f e c t s  from 
t h e i r  r e a c t i v i t y  m easurem en ts ,  o^' v a lu e s  h av e  remained t h e  s ta n d a rd  f o r  
com parison  o f  o r th o  p o l a r  e f f e c t s .  T h is  a u t h o r ,  how ever, i s  co n v in ced  
t h a t  t h e  ch em ica l  s h i f t  m easurem ents  f o r  s u b s t i t u t e d  p h e n o ls  i n  DMSO 
and HMPA r e p r e s e n t  a s u p e r i o r  m easu re  o f  e l e c t r o n i c  e f f e c t s  from o r t h o  
s u b s t i t u e n t s .  T h is  c o n c lu s io n  i s  su p p o r te d  by  th e  e x t re m e ly  p r e c i s e  
c o r r e l a t i o n  betw een th e  r e l a t i v e  ch em ica l s h i f t  d a ta  f o r  <3-  and jp- 
s u b s t i t u t e d  p h e n o l s ,  w hich i s  d i s c u s s e d  in  d e t a i l  in  S e c t i o n  V, and t h e
* The o-N02 s u b s t i t u e n t  i s  th o u g h t  t o  i n t e r a c t  w ith  th e  p h e n o l ic  h y d ro x y l  
i n t r a m o l e c u l a r l y  in  DMSO; t h e r e f o r e ,  t h i s  group i s  n o t  used  in  any con ­
s i d e r a t i o n s  o f  th e  r e a c t i v i t i e s  o f  s u b s t i t u t e d  compounds in  t h i s  
D i s s e r t a t i o n .  See S e c t io n  XI f o r  a d i s c u s s i o n  of t h i s  s u b s t i t u e n t .
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p r e c i s i o n  o f  th e  c o r r e l a t i o n  o f  oq v a lu e s  w i th  r e a c t i v i t y  d a t a ,  d i s ­
c u ssed  i n  S e c t io n  V II .
In  view o f  th e  above summary, t h e  d e v ia t io n s  o b se rv ed  in  th e
c o r r e l a t i o n  o f  A8 and a* v a lu e s  a r e  t h e r e f o r e  i n t e r p r e t e d  i n  te rm s o f  o o
d e v ia t io n s  o f  th e  cr* v a lu e s  from a c c u r a te  m easures  o f  p o l a r  s u b s t i t u e n to
e f f e c t s .  These d e v i a t i o n s ,  w hich a re  m ost p rom inen t f o r  th e  h a lo g e n s ,  
i n d i c a t e  t h a t  th e  o r th o  sigma s t a r  c o n s ta n t  may n o t  e x c lu d e  e n t i r e l y  
p ro x im ity  i n t e r a c t i o n s  such as f i e l d  e f f e c t s .  The A6q v a lu e s  n o t  o n ly  
r e p r e s e n t  a s u p e r io r  e l e c t r o n i c  d e s c r i p t i o n  o f  o r th o  s u b s t i t u e n t s , b u t  
they  a r e  a l s o  much e a s i e r  to  m easure th a n  T a f t ' s  cr* c o n s t a n t s .
V. D e l ta  D e l t a  O rtho  v e r s u s  D e l ta  D e l t a  P a ra :
Branch and C a lv in 52 have  d i s c u s s e d  in  d e t a i l  t h e  e f f e c t s  o f  
o r th o  s u b s t i t u t i o n  upon r e a c t i v i t i e s  o f  many b en zen e  d e r i v a t i v e s .  I n  
one i n s t a n c e  th e s e  a u th o r s  hav e  shown th ro u g h  a  p l o t  o f  t h e  d i s s o c i a ­
t i o n  c o n s t a n t s  o f  one s e t  o f  o - s u b s t i t u t e d  a c id s  (e.j>, , p h e n y lb o r ic  
a c i d s )  v e r s u s  th e  d i s s o c i a t i o n  c o n s t a n t s  o f  a n o th e r  s e t  o f  a c id s  ( £ . £ .  , 
b e n z o ic  a c i d s ) ,  t h a t  an o r th o  e f f e c t  may be d e m o n s t ra te d  by d e v i a t i o n s  
from l i n e a r i t y  in  t h e  g rap h . T hat i s ,  t h e  p r e s e n c e  o f  such  e f f e c t s  may 
be d e m o n s t ra te d ,  b u t  n o t  th e  m agn itude  o r  d i r e c t i o n  o f  th e  e f f e c t s .  As 
McDaniel and Brown27 have p o in te d  o u t ,  "Only i n  t h e  e v en t  t h a t  a r e f e r ­
en ce  system  cou ld  b e  found f r e e  from o r th o  e f f e c t s  would i t  b e  p o s s i b l e  
to  u t i l i z e  such p l o t s  f o r  t h e  e s t i m a t i o n  o f  t h e  m agn itude  and d i r e c t i o n  
o f  o r th o  i n t e r a c t i o n s . "  The fo l lo w in g  d i s c u s s i o n  and e v id e n c e  show 
a lm o s t  u n e q u iv o ca b ly  t h a t  such  a r e f e r e n c e  sy s tem  has  been  fou n d .
The p r im ary  ap p roach  o f  th e  r e s e a r c h  p r e s e n te d  i n  t h i s  D i s s e r ­
t a t i o n  has  been  th e  s tu d y  o f  t h e  e f f e c t s  o f  o r t h o  s u b s t i t u t i o n  upon th e  
h y d ro x y l  ch em ica l  s h i f t  i n  a  manner s i m i l a r  to  t h a t  d e s c r ib e d  f o r  th e  
m- and ^ - s u b s t i t u t e d  p h en o ls  i n  DMSO. I n  an e a r l i e r  p ap e r  Traynham 
and K n e se l40 s u g g e s te d  t h a t  a smooth n o n - l i n e a r  r e l a t i o n  a p p a r e n t ly  
e x i s t s  be tw een  th e  r e l a t i v e  c h em ica l  s h i f t s  o f  f o u r  p a i r s  o f  o r th o  and 
p a r a  i s o m e rs ;  how ever, a f t e r  f u r t h e r  i n v e s t i g a t i o n ,  an e x c e l l e n t  l i n e a r
r e l a t i o n  betw een  A8 and AS was r e v e a l e d  as  shown in  F ig u r e  9- Theo p
e q u a t io n  e x p r e s s in g  t h i s  c o r r e l a t i o n  i s  as  fo l lo w s  ( r  = 0 .9T ^»  s = O . I 59
n = 29) : *
* The £-N 02 and £-C0CH3 s u b s t i t u e n t s  have  been o m i t te d  from a l l  s t a t i s ­
t i c a l  a n a ly s e s .  See S e c t io n  XI f o r  a  d i s c u s s i o n  o f  t h e s e  s u b s t i t u e n t s
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A6 = 1 .13  A6 + 0 .1 6  (2*0o P —
The f a c t  t h a t  th e  h y d ro x y l  a b s o r p t io n s  o f  _o-- and ^ - s u b s t i t u t e d  
p h e n o ls  i n  DMSO a r e  p r e c i s e l y  c o r r e l a t e d  i n  a l i n e a r  m anner i n d i c a t e s  a 
p r o p o r t i o n a l i t y  be tw een  th e  i n t e r a c t i o n s  i n f l u e n c i n g  th e  s t r e n g t h  o f  
t h e  i n t e r m o l e c u l a r  OH"**DMSO h y d ro g en  bend in  th e  i s o m e r ic  p h e n o l s .
The s o u rc e  o f  th e  p a r a l l e l  e f f e c t s  i s  m ost l i k e l y  from e l e c t r o n i c  i n ­
f lu e n c e s  a l o n e ,  . T h is  o b s e r v a t i o n  o f  p a r a l l e l  o r th o  and p a r a  r e a c t i v i ­
t i e s  i s  o f  g r e a t  im p o r ta n c e  i n  t h a t  p r e d i c t i o n s  by Hammett, 14 T a f t , 29 
and o t h e r s  t o  t h i s  e f f e c t  have  p r e v i o u s l y  b een  made. B ecause t h e  a b ­
sen ce  o f  s t e r i c  e f f e c t s  i s  b a s e d  upon e x p e r im e n ta l  o b s e r v a t i o n s ,  an d  
n o t  upon a  t h e o r e t i c a l  a s su m p tio n  (a s  i n  t h e  c a s e  o f  T a f t ' s  a p p ro a c h  
t o  v a l u e s ) , t h e  d a t a  p r e s e n t e d  h e re  t a k e  on an even more im p o r t a n t  
p re c e d e n c e  in  d e s c r i b i n g  th e  r e a c t i v i t i e s  o f  _ o - s u b s t i tu t e d  compounds. 
Only two o t h e r  exam ples o f  e s s e n t i a l l y  p a r a l l e l  o r t h o - p a r a  e f f e c t s  f o r  
a  l a r g e  number o f  s u b s t i t u e n t s  c a n  be . c i t e d .  These r e c e n t  exam ples  
in c lu d e  t h e  s t u d i e s  o f  s u b s t i t u t e d  p h e n o ls  i n  h ex am eth y lp h o sp h o ram id e  
(HMPA) 50 and th e  s tu d y  o f  s u b s t i t u t e d  a n i l i n e s  in  DMSO. 47 The a u t h o r s  
o f  th e se  two p a p e r s ,  how ev er ,  c h o se  to  c o r r e l a t e  t h e i r  r e s u l t s  f o r  o -  
s u b s t i t u t e d  compounds i n  te rm s o f  th e  r e l a t i v e l y  few v a lu e s  o f  T a f t ,  
even  though  t h e i r  d a t a  show s i m i l a r  l i n e a r  t r e n d s  be tw een  o r th o  and  
p a r a  s u b s t i t u e n t  e l e c t r o n i c  e f f e c t s  much m ore p r e c i s e l y  th a n  t h e  com­
p a r i s o n  o f  T a f t ' s  cr* v a lu e s  w i th  0  c o n s t a n t s .o p
S in c e  random s c a t t e r  i s  u s u a l l y  o b se rv ed  upon com paring  o r th o  
and p a ra  s u b s t i t u e n t  e f f e c t s ,  t h e  h ig h  c o r r e l a t i o n  ( r  = 0 . 97*0 ° f  A8q 
and A6p o f f e r s  a u n iq u e  o p p o r t u n i t y  f o r  a n a ly z in g  i n  d e t a i l  t h e  e l e c ­
t r o n i c  e f f e c t s  from o r t h o  s u b s t i t u e n t s  - -  a  s u b je c t  w hich  has  lo n g  b een
c o n s id e re d  i n s o l u b l e .  B e fo re  c o n s id e r in g  such i t e m s  as o r th o  s u b s t i ­
t u e n t  c o n s t a n t s  (cr^), o r th o  r e a c t i o n  c o n s ta n t s  (p Q) j  and i n d u c t i v e  and 
re so n an c e  c o n t r i b u t i o n s ,  t h e  d a ta  p r e s e n te d  in  F ig u r e  9 roust be a n a ly z e d  
so t h a t  every  d e v i a t i o n  i s  r e c o g n iz e d  b e f o r e  e n t e r i n g  i n t o  th e s e  t h e o ­
r e t i c a l  c o n s i d e r a t i o n s .
F i r s t  o f  a l l ,  upon e x a m in a t io n  o f  A6 v a l u e s ,  two ex trem e d e ­
v i a t i o n s  a r e  n o te d  and t h e s e  s u b s t i t u e n t s  a re  c o n s e q u e n t ly  o m it te d
from a l l  c o n s i d e r a t i o n s  in v o lv in g  A8 v a lu e s .  T hese  d e v i a t i o n s  a r eo
o b se rv ed  f o r  £ - n i t r o p h e n o l  and £ -h y d ro x y ac e to p h en o n e  ( j o - a c e ty lp h e n o l ) . 
£ - N i t r o p h e n o l  e x h i b i t s  a b ro a d  h y d ro x y l  band a t  1 0 .8  6 w hich q u ic k ly  
d i s a p p e a r s  from th e  nmr sp ec tru m  in  l e s s  than  o n e  m in u te ,  p resum ably  
v i a  f a s t  exchange o f  th e  h y d ro x y l  p r o to n  w ith  t h e  s o lv e n t .  The p o s i ­
t i o n  o f  t h i s  a b s o r p t io n  i s  f i x e d ,  b u t  t h e  a b s o r p t io n  i t s e l f  i s  ve ry  
b ro ad  (>  10 H z );  t h e  p o s i t i o n  o f  t h i s  a b s o r p t io n  i s  much f u r t h e r  up- 
f i e l d  ( i n  th e  d i r e c t i o n  o f  a  weaker a c i d )  than  e x p e c te d  from  th e  com­
p a r i s o n  w i th  o t h e r  A8q and A5 . v a lu e s  o f  s t ro n g  e le c t r o n - w i th d r a w in g  
s u b s t i t u e n t s  and from th e  r e s u l t s  o f  o t h e r  i n v e s t i g a t o r s . 50 This  ob­
s e r v a t i o n  i s  p resum ably  t h e  r e s u l t  o f  i n t r a m o l e c u l a r  hydrogen  b o n d ing .
H ydroxyace tophenone, on t h e  o th e r  h a n d ,  e x h i b i t s  a sh a rp  h y d ro x y l  
a b s o r p t io n ,  b u t  a t  a A6Q v a l u e  c o n s id e r a b ly  f u r t h e r  d o w n fie ld  than  i s  
commensurate w i th  th e  r e l a t i v e  a c i d i t y  o f  the  p h e n o l .  F o r  exam ple, 
i t  ab so rb s  more th a n  1 .0  ppm do w n fie ld  th a n  does ^ - c y a n o p h e n o l , w hich 
i s  c o n s id e re d  to  be  a s t r o n g l y  a c id i c  p h e n o l .  The p o s i t i o n  o f  th e  
h y d ro x y l a b s o r p t io n  in  £ -h y d ro x y ace to p h en o n e  i s  c o m p le te ly  o u t  o f  t h e  
ra n g e  o f  norm al h y d ro x y l a b s o r p t i o n s ,  and a u n iq u e  e x p la n a t io n  f o r  th e  
a c e t y l  s u b s t i t u e n t  i s  in  o r d e r .  Upon f u r t h e r  i n v e s t i g a t i o n  o f  t h i s
s u b s t i t u e n t ,  t h e  e x p la n a t io n  f o r  t h i s  anomaly became e v id e n t :  such
s t ro n g  in t r a m o le c u la r  hydrogen  bonding  between th e  hyd roxy l and th e  
a c e ty l  group e x i s t s  t h a t  e s s e n t i a l l y  no in t e r m o le c u la r  hydrogen  bond 
was ob se rv ed  betw een  t h i s  compound and DMSO. The in t r a m o le c u la r  hyd ro ­
gen bonding  o f  b o th  o - n i t r o p h e n o l  and o-hydroxyphenone i s  d is c u s s e d  in  
d e t a i l  i n  S e c t io n  XI.
From F ig u re  9 s e v e r a l  sm all  d e v i a t i o n s  can  be  seen : th e
0-SOCH3 and o-GH=CHCOsGH3 s u b s t i t u e n t s ,  f o r  exam ple, cau se  t h e  hydroxy l 
a b s o r p t io n  o f  t h e  c o r re sp o n d in g  p heno ls  t o  be  f u r t h e r  do w n fie ld  than  
th e  c o r r e l a t i o n  would n o rm a lly  s u g g e s t ,  and s l i g h t  s t e r i c  i n t e r f e r e n c e s  
may be p r e s e n t  i n  th e  £ - p h en y l-  and £ -_ t - b u ty lp h e n o ls . These i n t e r p r e ­
t a t i o n s  a re  made, o f  c o u r s e ,  assum ing t h a t  th e  d e v i a t io n s  a r i s e  in  th e  
o - s u b s t i t u t e d  p heno l and n o t  in  th e  £ - s u b s t i t u t e d  one.
From th e  nmr chem ica l s h i f t s  o f  t h e  o- and jd- s u b s t i t u t e d
p h e n o ls ,  t h e r e  seems to  be v e ry  l i t t l e  d i f f e r e n c e  in  t h e  e l e c t r o n i c
#
e f f e c t s  from d i f f e r e n t  a l k y l  groups a t  th e  p a r a  p o s i t i o n .  F o r  exam ple, 
th e  £ ~ a lk y lp h e n o ls  a l l  have  a r e l a t i v e  chem ica l s h i f t  o f  a p p ro x im a te ly  
-0 .2 0  A6 , w hereas th e  o -a lk y lp h e n o ls  e x h i b i t  s l i g h t  v a r i a t i o n s  i n  th e  
A8q v a lu e s .  The o r th o  s u b s t i t u e n t s ,  m e th y l ,  e t h y l ,  p r o p y l ,  i s o p r o p y l ,  
j s - b u t y l , p e n t y l ,  £ -a m y l ,  and c y c lo h e x y l  a l l  show s i m i l a r  e l e c t r o n i c  
e f f e c t s  w ith  a b s o r p t io n s  i n  th e  ra n g e  o f  - O . I 5 to  - 0 .1 8  A6; o-_t~butyl 
and £ - a l l y l  abso rb  a t  h ig h e r  f i e l d s  a t  a p p ro x im a te ly  -O.O5 A6 . This 
d e v i a t io n  o f  t h e  £ - £ - b u t y l  s u b s t i t u e n t  i s  s u r p r i s i n g ,  s in c e  th e  s t r u c ­
t u r a l l y  s i m i l a r  £ - t - a m y l  s u b s t i t u t e d  phenol s u b s t i t u e n t  ab so rb s  n o rm a lly  
a t  - 0 . 1 5 A8.
D e sp i te  th e  p re v io u s ly  m entioned  d e v i a t i o n s ,  th e  c o n c lu s io n  
Is  in e s c a p a b le  t h a t  the  h y d ro x y l a b s o r b t io n  from £ - a lk y lp h e n o l s
( i n c lu d in g  o - a l l y l )  i s  a t  h ig h e r  f i e l d s  t h a n  t h a t  f o r  th e  £ - a l k y l p h e n o l s . 
In  f a c t ,  w ith  t h e  e x c e p t io n  o f  t h e  m e th o x y l , e t h o x y l , and p heny l g ro u p s ,  
t h e  o t h e r  o r th o  s u b s t i t u e n t s  e x h i b i t  A6 v a lu e s  u p f i e l d  from t h e  p a r a  
ones „ In  HMPAso even £-m ethoxy p h en o l  and £ -p h e n y lp h e n o l  e x h i b i t  hyd roxy l 
a b s o r p t io n s  a t  h ig h e r  f i e l d  th a n  th e  p a ra  iso m e rs .  A p p a ren t ly  i n  DMSO 
some i n t e r a c t i o n ( s )  i s ( a r e )  o c c u r in g  be tw een  the  £ - m e th o x y l , £ - e t h o x y l ,  
and £ -p h e n y l  s u b s t i t u e n t s  and t h e  h y d ro x y l ,  which i s ( a r e )  n o t  c o m p le te ly  
over-shadow ed  by th e  i n t e r m o l e c u l a r  hydrogen  bond. These d e v i a t i o n s  a re  
m in o r ,  how ever, in  v iew  o f  th e  p r e c i s i o n  o f  th e  g e n e r a l  t r e n d .
The d eg re e  o f  p a r a l l e l i s m  which e x i s t s  be tw een  th e  o r t h o  sub­
s t i t u e n t s  and th e  p a ra  ones  may b e  d e te rm in ed  from t h e  s lo p e  o f  t h e  l i n e  
in  F ig u r e  9 ;  jL'ii* > f rom e q u a t io n  (2 4 ) :  A ^sa  1.13 AA^. The p r o p o r t i o n ­
a l i t y  c o n s t a n t  o f  1 . 1 3 » w h i le  r e l a t i v e l y  s m a l l ,  i s  n e v e r t h e l e s s  r e a l  
as ev id en c e d  by  th e  unambiguous t r e n d  in  t h e  o r th o  ch em ica l s h i f t s .
S in c e  A6 i s  p r o p o r t i o n a l  to  <7 , i t  i s  t h e r e f o r e  r e a s o n a b le  t o  c o n c lu d e  
P P
t h a t  A& i s  l i k e w is e  p r o p o r t i o n a l  t o  a i n  t h e  ab sen ce  o f  s t e r i c  and o o
o t h e r  p ro x im i ty  e f f e c t . *  I t  i s  a l s o  r e a s o n a b le  to  assume t h a t  aQ
sh o u ld  be a p p ro x im a te ly  1 . I 3 t im e s  a  . Both ap p ro ach es  a re  d i s c u s s e d
P
in  S e c t io n  VI.
* "A ll  g r e a t  i d e a s  a re  s im p le  o n e s . "  — a t t r i b u t e d  t o  G. D in sb u rg .
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V I. Sigma O rtho :
As shown in  S e c t io n  I I I ,  t h e  h y d ro x y l  a b s o r p t io n s  o f  _o- and 
s u b s t i t u t e d  p h en o ls  in  DMSO a r e  c o r r e l a t e d  i n  a  l i n e a r  m an n er ,  i n d i ­
c a t i n g  a p r o p o r t i o n a l i t y  betw een  th e  I n t e r a c t i o n s  i n f l u e n c i n g  th e  
s t r e n g t h  o f  t h e  i n t e r m o l e c u l a r  hydrogen  bond o f  t h e  i s o m e r ic  p h e n o l s .  
From t h i s  c o r r e l a t i o n  t h e  c o n c lu s io n  i s  a l s o  c l e a r  t h a t  s t e r i c  i n t e r ­
a c t i o n s  betw een  . th e  o r th o  s u b s t i t u e n t  and th e  hydroxyl-DMSO m o ie ty  a r e  
f o r  t h e  most p a r t  a b s e n t  from t h i s  sy s tem . Absence o f  k i n e t i c  en e rg y  
c o n t r i b u t i o n s  due to  s t e r i c  i n t e r a c t i o n s  shou ld  a l lo w  a l i n e a r  f r e e  
en erg y  e x p r e s s io n  to  d e s c r ib e  t h e  e l e c t r o n i c  e f f e c t s  o f  o r t h o  s u b s t i ­
t u e n t s  in  a  manner ana logous  to  t h e  Hammett ap p ro ach .
From th e  e q u a t io n  o f  t h e  l i n e  r e l a t i n g  t h e  r e l a t i v e  c h em ica l  
s h i f t  o f  j > - s u b s t i t u t e d  p h e n o ls  t o  cr  ̂ [E q u a tio n  (JQ i s  d e f in e d .
The c a l c u l a t e d  v a lu e s  o f  u from t h i s  system  a r e  l i s t e d  i n  column 1 o fo
T a b le  IV. In c lu d e d  a l s o  in  t h i s  t a b l e  a r e  <7 v a lu e s  c a l c u l a t e d  fromo
s i m i l a r  d a ta ,  f o r  p h e n o ls  in  HMPA50 and a n i l i n e s  i n  DMSO,47 w i th  t h e  a c ­
companying d e f i n i n g  e q u a t i o n s .  In  d e f i n i n g  o  i n  th e  above m anner , t h e  
a ssu m p tio n  i s  made t h a t  p i s  t h e  same f o r  b o th  o r th o  and p a r a  s u b s t i ­
t u t i o n .  T h is  p o i n t  w i l l  t  *. d i s c u s s e d  i n  d e t a i l  i n  S e c t io n  V I I .
The o~ v a lu e s  f o r  p h e n o ls  i n  DMSO (T ab le  IV) a r e  s i m i l a r  t o  o
th o s e  d e r iv e d  from th e  pK ' s  o f  p h e n o ls 53 (,c..f. > T ab le  I ,  R e a c t io n  0 ) .
c l "
However, to  t h i s  a u t h o r ' s  know ledge, T ab le  IV i s  th e  most e x t e n s i v e











H 0 .0 0 0 .0 0 0 .0 0
F 0 . 29.
Cl 0 .5 0 o . b o





CN 1 .1 8
c f 3 0 .8 1
Me - 0 . I 3 - 0 .0 3 - 0 .1 7
Et - 0 . I 5
n - P r - 0 .1 6 - 0 .0 6
i - P r - 0 .1 5 - 0 .0 3
s-Bu - 0 .1 8 - 0 .0 7
t-B u - 0 .0 8 0 .0 0
t-Am - 0 .1 5
CqHh - 0 . 1 7 - 0 .0 8
c h 2ch=ch2 - 0 .0 7
CH=CHCO ̂ Ee 0 .6 2
C H ^h - 0 .0 8
CH2OH - 0 . 0 7
Ph 0 .2 1 0 .2 0
CHO 1 .0 2 0 .9 2
COCH3 d 1 .06
COPh 0 .9 3
CÔ le 0 .8 8
C02CH2Ph 0 .8 6
OCOMe - 0 .0 1
CONHPh 0 .7 9
OH - 0 .4 1
OMe - 0 .3 7 - 0 .2 3
a•01
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TABLE XV (C o n tin u ed )  ‘
OEt -O.JO - 0 .2 3
NHCOMe - 0 .0 8
NMe2 -O .36
SMe 0 .2 1
SOMe 0 .9 2
a .  This w ork ; Phenols  i n  DMSO: (<j = 0 .720  A5Q - O.O3 8 ) .
b .  M. W. D i e t r i c h ,  J .  S . N ash ,  and R. E. K e l l e r ,  A na l. Chem. , 3 8 , lh79
(1966); Pheno ls  i n  HMPA: (c f  = O.657  A6q +  0 .0 2 0 ) .
c .  B. M. L ynch, B. C. MacDonald, and J .  G. Webb, T e t ra h e d ro n  L e t t e r s ,
to  be p u b l i s h e d ;  A n i l in e s  in  DMSO: (cr = 0 .7 0 2  A6q -  O.O23) .
d .  Measurement u n r e l i a b l e .
\
VII. Correlation of ao with Reactivity Data:
For su ch  an a ss ig n m en t as  o r th o  s u b s t i t u e n t  c o n s t a n t s  t o  b e
m e a n in g fu l ,  t h e  a p p l i c a t i o n  o f  t h e s e  v a lu e s  t o  o b s e r v a b le  r e a c t i o n
r a t e s  o r  e q u i l i b r i a  i s  e s s e n t i a l .  T h e r e f o r e ,  th e  v a lu e s  o f  cr l i s t e do
in  T a b le  IV w ere  compared w i th  l i t e r a t u r e  r e a c t i v i t y  d a t a  f o r  <>-
s u b s t i t u t e d  compounds. The s t a n d a r d  Hammett ap p roach  [log ( lc /k^  = crp]
was u sed  in  t h i s - com parison* In  T a b le  V a r e  l i s t e d  t h e  r e s u l t s  o f
th e s e  com parisons  f o r  which t h e  c o r r e l a t i o n  c o e f f i c i e n t  was g r e a t e r
th an  O .9OO. Many o f  th e s e  r e a c t i o n s  e x h i b i t  s u r p r i s i n g  p r e c i s i o n  w i th
r e s p e c t  t o  th e  o r t h o  s u b s t i t u e n t  c o n s t a n t s ;  how ever, i t  i s  d i f f i c u l t  to
t e l l  a t  t h i s  t im e  w h e th e r  a l l  t h e  a  c o n s t a n t s  l i s t e d  in  T a b le  IV a r eo
a c c u r a te  d e s c r i p t i o n s  o f  t h e  e l e c t r o n i c  e f f e c t s ,  s i n c e  i n  m ost c a s e s  
on ly  a few o f  t h e  o r th o  s u b s t i t u e n t s  were  u sed  in  each  r e a c t i o n .
A l i n e a r  c o r r e l a t i o n  be tw een  th e  o r th o  s u b s t i t u e n t  c o n s t a n t  
and l o g ( k / k Q) i n d i c a t e s  t h a t  th e  s igm a c o n s t a n t s  f o r  t h e  s u b s t i t u e n t s  
s tu d ie d  a c c u r a t e l y  d e s c r ib e  th e  e l e c t r o n i c  e f f e c t s  from th e  o r th o  sub ­
s t i t u e n t  and t h a t  p ro x im i ty  e f f e c t s  su ch  as  s t e r i c  and f i e l d  e f f e c t s  
a r e  e i t h e r  a b s e n t ,  c o n s t a n t ,  o r  p r o p o r t i o n a l  t o  th e  p o l a r  e f f e c t s .
For exam ple, i n  t h e  p y r o l y s i s  o f  i s o p r o p y l  2 - s u b s t i t u t e d  b e n z o a te s  
(T ab le  V, R e a c t io n  l ) , an e x c e l l e n t  c o r r e l a t i o n  i s  found betw een th e  
r e a c t i v i t y  d a ta  and th e  oQ c o n s t a n t s  when th e y  a re  t r e a t e d  i n  t h e  s t a n ­
dard  Hammett m anner ( r  = 0 , 9 8 9 ; pQ = O .285) ;  t îe combined Hammett 
t r e a tm e n t  o f  _o-, m - , and £ - s u b s t i t u t e d  compounds shows a somewhat 
p o o re r  c o r r e l a t i o n ,  b u t  one w hich h a s  th e  same rho  v a lu e  ( r  = 0 . 9^2 ; 
p = 0 .2 8 8 ) .  No ( o r  c o n s t a n t )  o r th o  e f f e c t s  seem t o - b e  o p e r a b le  in  t h i s  
system . On th e  o t h e r  h and , in  th e  a l k a l i n e  f i s s i o n  o f  ( o - s u b s t i t u t e d
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b e n z o y lo x y e th y l )d im e th y lsu lp h in iu m  io d id e s  (T ab le  V, R e a c t io n  3 ) > th e  
r e a c t i v i t y  d a t a  from th e  ^ - s u b s t i t u t e d  s a l t s  g iv e  an e x c e l l e n t  c o r r e l a ­
t i o n  w ith  ctq ( r  = 0 .9 9 2 ;  pQ = 0 . If29; F ig u re  11);
C02(CH2)2SMe2l + OH" : ^ < ^ ^ C 0 2 + CH2CHSMe2l + H20
how ever, th e  combined t r e a tm e n t  o f  th e  r e a c t i v i t y  d a t a  from o - , m - , and 
j> - s u b s t i t u t e d  compounds g iv e s  a p o o r  c o r r e l a t i o n  w i th  a d i f f e r e n t  rho  
v a lu e  ( r  = 0 .9 ^ 2 ;  p = 0 .5 7 5 )*  The c o n c lu s io n  from t h i s  l a t t e r  s e t  o f  
d a ta  i s  t h a t  th e  o r th o  e f f e c t  i n  t h i s  sy s tem  i s  a  p r o p o r t i o n a l  f a c t o r ,  
p ro b a b ly  r e s u l t i n g  from s t e r i c  e f f e c t s  o f  t h e  s u b s t i t u e n t s  w i th  th e  
a l k y l  s id e  c h a in ;  r e s o l u t i o n  o f  t h e  t o t a l  l i n e a r  f r e e  energy  e x p r e s s io n  
f o r  o r t h o ,  m e ta ,  and p a r a  s u b s t i t u e n t s  f o r  t h i s  r e a c t i o n  must be  
d e s c r ib e d  by a m u l t i - p a r a m e te r  e q u a t io n  e x e m p l i f i e d  i n  th e  ty p e  d i s ­
c u sse d  by T a f t 37 [E q u a tio n  ( I 5 ) 1, o r  by t h e  u s e  o f  a  new o r th o  rho  
v a l u e . *
lo g ( k / k Q) = op + 8Es (12)
I t  i s  th e  i n t e n t i o n  o f  t h i s  a u th o r  a t  a l a t e r  d a te  to  i n v e s t i g a t e  f u r ­
t h e r  t h e  a p p l i c a b i l i t y  o f  T a f t ' s  e q u a t io n  and th e  u t i l i z a t i o n  o f  new 
p^ v a lu e s  i n  t h e  d e s c r i p t i o n  o f  r e a c t i v i t y  d a t a  f o r  ^ - s u b s t i t u t e d  com­
pounds which do in c o r p o r a t e  o r th o  e f f e c t s .  T h is  i n v e s t i g a t i o n  w i l l  be  
s i m p l i f i e d  by th e  co m p u ta t io n  f a c i l i t i e s  and program s u t i l i z e d  f o r  t h e  
r e s e a r c h  d e s c r ib e d  i n  t h i s  D i s s e r t a t i o n .
* See P a r t  One, S e c t io n s  I I I  and V f o r  d i s c u s s i o n s  o f  t h e s e  two a p p ro a c h e s .
RATES OF PYROLYSIS OF SU6STD ISOPROPYL BENZOATES 337.4 DEG 
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CORRELATION OF a~ WITH REACTIVITY DATA:* ’ ^ *M   O      |
1. R a te s  o f  p y r o l y s i s  o f  i s o p r o p y l  2 - s u b s t i t u t e d  b e n z o a te s ,  357*4°:
( r  = O .9 8 9 ; s -  0 .0 2 4 ;  n = 6 ;  pQ = O .285)
( r  = O .9 9 I ;  s = 0 .0 2 2 ;  n = 6 ; p* = O .39O)
2. R a te s  o f  r e a c t i o n  o f  m e thy l 2 - s u b s t i t u t e d  b e n z o a te s  w ith  t r i m e t h y l -  
am ine :
( r  = .9 9 2 ;  s = 0 .0 7 4 ;  n = 5 ; P0 = O .99 7 )
( r  = O .9 6 9 ; s = 0 .1 5 4 ;  n = 4 ;  p* = O .969)
5 . R a te s  o f  a l k a l i n e  f i s s i o n  o f  ( o - s u b s t i t u t e d  2 -b e n z o y lo x y e th y l ) d i -  
m e th y ls u lp h in iu m  io d id e s :
( r  = 0 .9 9 2 ;  s = 0 .0 5 3 ;  n = 5 ; po = 0 .4 2 9 )
( r  = O.9 6 7 ; s = 0 .0 6 8 ;  n = 5 ; p* = O .578)
4. R a tes  o f  re a r ra n g em e n t  o f  N - ( 2 - s u b s t i t u t e d  b en zy l) -N -p h e n ac y l-N ,N -  
d im e th y 1ammonium h a l i d e s , 1 6 . 4° :
( r  = O .9 6 2 ; s = 0 . 3 I I ;  n = 7 ;  pQ = 2 .O5)
( r  = 0 . 9 0 3 ; S = 0 .4 8 9 ;  n  = 7 ;  p* = 2 . 76)
5 . I o n i z a t i o n  c o n s t a n t s  o f  2 - s u b s t i t u t e d  benzohydroxam ic a c i d s ,  0.1M 
KN03 j  30° :
( r  = O .9 8 5 ; s = 0 .0 6 4 ;  n = 4 ;  pQ = 0 .4 9 5 )
6 . I o n i z a t i o n  c o n s t a n t s  o f  ^ - s u b s t i t u t e d  t r a n s -c in n a m ic  a c i d s ,  HgO, 
25° :
( r  = 0 .9 4 3 ;  s = O.O58 ; n = 6 ; pQ = 0 .2 6 4 )
( r  = O .9 0 5 ; s = O.O6 5 ; n = 5 ; p* = O .3 IO)
7. I o n i z a t i o n  c o n s t a n t s  o f  ( 2 - s u b s t i t u t e d  p h e n o x y )a c e t ic  a c i d s ,  HgO, 
25° :
( r  = 0 . 9 9 9 ; s = 0 . 0 0 5 ; n = 5 ; pQ = O .276)
( r  = O .9 9 3 ; s = 0 .0 2 1 ;  n  = 5 ; p* = O .379)
8 . I o n i z a t i o n  c o n s t a n t s  o f  ( 2 - s u b s t i t u t e d  p h e n y l ) t h i o a c e t i c  a c i d s ,
HgO, 2 5 ° ;
( r  = O .9 2 8 ; s = 0 .0 6 4 ;  n = 5 ; pQ ~ -0 .2 5 7 )
( r  = O .9 6 5 ; s = 0 .0 4 5 ;  n = 5 ; Pq = O .37O)
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9 ,  I o n i z a t i o n  c o n s t a n t s  o f  ( 2 - s u b s t i t u t e d  p h e n y l ) s e l e n o a c e t i c  a c i d s ,  
H20 ,  25°:
( r  = O .9 9 6 ; s = 0 .0 1 6 ;  n = 4 ; Pq = 0 . 238)
( r  = O .9 8 5 ; s = 0 .0 2 9 ;  n = 4 ;  p* = 0 .3 2 0 )
10. R a tes  o f  a c i d - c a t a l y z e d  e s t e r i f i c a t i o n  o f  ( 2 - s u b s t i t u t e d  p h e n y l ) -  
p r o p i o l i c  a c i d s ,  MeOH, 25°:
( r  = 0 . 9 3V, s = O.O3 8 ; n = V  po = -0.1i*6
( r  = 0 .9 5 2 ;  s = O.O3 3 ; n = 4 ;  p* = -0 .2 0 4 )
H .  R a tes  o f  a c id  c a t a ly z e d  e s t e r i f i c a t i o n  o f  ( 2 - s u b s t i t u t e d  p h e n y l ) — 
p r o p i o l i c  a c i d s ,  MeOH, 3 5 ° :
(r = 0 .9 2 4 ;  s = 0 . 0 3 9 ; n = 4 ;  pQ = - O . I 3 8 )
(r = O .9 5 8 ; s = 0 .0 2 9 ;  n = 4 ;  p* = - O . I 9 6 )
12. R e a c t io n  r a t e s  o f  ( 2 - s u b s t i t u t e d  p h e n y l ) p r o p i o l i c  a c id s  w i th  d i -
p h e n y ld ia z o m e th a n e , d io x a n e ,  3O0 :
( r  = O .9 5 3 ; s = O.O5 6 ; n = 5 ; Pq = 0 .3 7 8 )
( r  = O .9 6 8 ; s = O.O53 ; n = 4 ; p* = 0 .6 0 9 )
13 . I o n i z a t i o n  c o n s t a n t s  o f  ( 2 - s u b s t i t u t e d  p h e n y l ) p r o p i o l i c  a c i d s ,  35i° 
d io x a n e ,  25° :  • )
( r  = 0 . 9 7 2 ; s = 0 .0 4 4 ;  n = 6 ; pQ = O .3 2 7 )
( r  = O .9 5 6 ; s = 0 .0 6 1 ;  n  = 5 ; p* = 0 .4 6 2 )
14. I o n i z a t i o n  c o n s t a n t s  o f  3- ( 2 - s u b s t i t u t e d  p h e n y l )p ro p a n o ic  a c i d s ,
H20 ,  25°:
( r  = 0 . 9 3 2 ; s = 0 .0 4 1 ;  n = 5 ; pQ = 0 . 168)
( r  = 0 .9 4 3 ;  s = O.O3 7 ; n = 5 ; p* = 0 . 235)
1 5 . R e l a t i v e  pKa’s o f  2 - s u b s t i t u t e d  a n i l i n iu m  i o n s ,  H20 ,  25° (H = 0 .0 0 ) :
( r  = 0 .9 4 6 ;  s = 0 .4 7 2 ;  n = 1 2 ; Pq = - 2 . 70)
( r  = 0 . 9 6 2 ; s = 0 .4 5 2 ;  n = 8 ; p* = - 3 *22)
16. R a te s  o f  r e a c t i o n  o f  2 - s u b s t i t u t e d  benzohydroxam ic a c id s  w i th  s a r i n ,
H20 , 3 0 . 50 :
( r  = O .9 2 5 ; s = 0 .1 1 5 ;  n  = 4 ; pQ = - 0 .3 7 7 )
17* ^vqh v a lu e s  f o r  2 - s u b s t i t u t e d  S c h i f f  b a se s  in  CCl4 s o l u t i o n s :
( r  = 0 .9 9 2 ;  s = 1 .1 9 ;  n = 6 ; ,rP0" ' = 0 .1 7 7 )
( r  -  0 . 9 9 6 ; s -  0 .8 7 3 ;  n = 6 ; "p*M = O .243)
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18. R e l a t i v e  ch em ica l s h i f t  o f  ^ - s u b s t i t u t e d  p h e n o ls  in  DMSO, 28°:
( r  = O .9 6 7 ; s = 0 .1 1 1 ;  n  = 5; "po " = 1 . ^ )
( r  = 0 .9 6 4 ;  s = 0 . 129; n  = 4 ; "p*"  » 2 .5 7 )
19 . R e l a t i v e  ch em ica l s h i f t  o f  ^ - s u b s t i t u t e d  a n i l i n e s  i n  DMSO, 3 7 ° ;  
C°-N0 2 o m i t t e d ) :
( r  = O .9 8 6 ; s = 0 .0 4 9 ;  n = 6 ; "po " = 0 .7 3 4 )
( r  = 0 . 9 33 ; s = 0 . 106; n = 6 ; "p*" = 1 . 10)
20. p K a 's  o f  2 - s u b s t i t u t e d  p y r i d i n e s  in  5®1° EtOH, 25°:
( r  = O .9 9 7 ; s = 0 . 121; n = 6 ; pQ = - 4 .8 9 )
21. R a te  c o n s t a n t s  f o r  r e a c t i o n  o f  2 - s u b s t i t u t e d  p y r id i n e s  w i th  p e r -  
b e n z o ic  a c i d ;  n i t r o b e n z e n e ,  25° :
( r  = 0 .9 9 7 ;  s = 0 . 115; n = 4 ; pQ = - 4 . 0 6 )
( r  = 0 .9 6 2 ;  s = O .386 ; n  = 4 ; p* = -7*46)
22. R a te  c o n s t a n t s  f o r  r e a c t i o n  o f  2 - s u b s t i t u t e d  p y r i d i n e s  w i th  m ethy l 
i o d i d e ;  n i t r o b e n z e n e ,  25° :
( r  = O .9 9 6 ; s = 0 . 329 ; n = 4 ; pQ = -3*57)
( r  = O .87 6 ; s = 0 .6 1 4 ;  n .= 4 ; p* = - 6 .1 8 )
* The s u b s t i t u e n t  H i s  u sed  in  a l l  c o r r e l a t i o n s  u n le s s  o th e r w is e  i n d i ­
c a t e d .
t  Some o f  t h e s e  r e a c t i o n s  have  been  p r e v io u s ly  t a b u l a t e d  by C har ton :
M„ C h a r to n ,  Can. J .  Chem., 385 2493 ( i 9 6 0 ) ;  J .̂ Am. Chem. S o c . , 86 ,̂ 
2033 (1 9 6 4 ) .
^ I n  t h i s  t a b l e  th e  f o l lo w in g  sequence  i s  o b se rv ed  [ c o r r e l a t i o n  c o e f ­
f i c i e n t  ( r ) ;  s t a n d a r d  d e v i a t i o n  ( s ) ;  number o f  s u b s t i t u e n t s  ( n ) ;  
o r th o  r e a c t i o n  c o n s t a n t  (p Q) ] .  The f i r s t  l i n e  o f  c o r r e l a t i o n  d a ta  
r e f e r s  to  com parisons  w i th  aQ ( t h i s  w o rk ) ;  th e  second  l i n e  (where ap­
p l i c a b l e )  r e f e r s  to  t h e  com parisons  w i th  T a f t ' s  cr* v a lu e s .
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VIII. Considerations of Ortho Rho:
In  an o f t e n  o v e r lo o k e d  t h e o r e t i c a l  p a p e r ,  H in e4® has  shown 
t h a t  th e  u t i l i z a t i o n  o f  a s i n g l e  rho  v a lu e  in  th e  g e n e r a l  Hammett equa­
t i o n  f o r  b o th  meta and p a ra  s u b s t i t u t i o n  i s  n o t  c o n s i s t e n t  w i th  t h e  
re q u i re m e n ts  o f  a s i n g l e  l i n e a r  f r e e  en e rg y  r e l a t i o n s h i p  d e s c r i b i n g  
b o th  ty p e s  o f  s u b s t i t u t i o n .  T h i s  s u g g e s t io n  has n o t  r e c e iv e d  much sup­
p o r t  from c h e m is t s ,  p r i m a r i l y  b e c a u s e  th e  d i f f e r e n c e  betw een pm and  
i s  to o  sm all  to  be o f  m ajor consequence  i n  th e  Hammett e q u a t i o n ,  w hich 
i t s e l f  i s  a c c u r a t e  t o  no more th a n  ±1 5 $ .2 P a l 'm 6 h as  su g g es te d  t h a t  
r a p id  a t t e n u a t i o n  o f  in d u c t iv e  e f f e c t s  w i t h  d i s t a n c e  from th e  r e a c t i o n  
c e n t e r  i s  th e  main r e a s o n  f o r  t h e  sm all d i f f e r e n c e  betw een th e  r e a c t i o n  
c o n s t a n t s .  H ine has  c a l l e d  a t t e n t i o n  t o  t h e  f a c t  t h a t  one s e t  o f  d a t a , 6 
namely th e  19F s h i e l d i n g  p a ra m e te rs  from s u b s t i t u t e d  f lu o r o b e n z e n e s , 
a p p a r e n t ly  r e q u i r e  s e p a r a t e  rh o  v a lu e s  f o r  m eta  and p a r a  s u b s t i t u t i o n .
J a f f ^ 49 to o k  th e  o p p o r tu n i ty ,  t o  e v a lu a te  H i n e 's  h y p o th e s i s  
th ro u g h  th e  u s e  o f  s t a t i s t i c a l  a n a l y s i s  upon 33^ r e a c t i o n  s e r i e s  o f  m- 
and ^ - s u b s t i t u t e d  ben zen e  d e r i v a t i v e s ,  and concluded  t h a t  t h e r e  i s  a 
s m a l l ,  b u t  s i g n i f i c a n t  number o f  s e r i e s  f o r  which q u i t e  a s e r i o u s  d i f ­
f e r e n c e  betw een  p and p i s  o b s e rv e d ,  w h i l e  a t  th e  same tim e t h e r e  a r e  
rm ' p  ’
r e l a t i v e l y  few s e r i e s  w ith  an i n t e r m e d i a t e  d i f f e r e n c e .  His f i n a l  con­
c l u s i o n  i s  t h a t  in  m o s t  case s  (7 5  to  85$) no s i g n i f i c a n t  d i f f e r e n c e  be­
tween p and p can be  d e t e c t e d .Im 'p
D e s p i te  t h e  l a c k  o f  e x te n s iv e  e x p e r im e n ta l  ev idence  f o r  th e
" tw o -rh o "  approach  t o  th e  Hammett e q u a t io n ,  th e  q u e s t i o n  o f  w h e th e r  pQ
e q u a ls  p m ust a l s o  b e  asked . The in d u c t iv e  e f f e c t s  would c e r t a i n l y  be 
P
g r e a t e r  a t  th e  o r th o  p o s i t i o n  t h a n  a t  t h e  m eta  o r  p a r a  one , s i n c e
6b
i n d u c t iv e  i n f l u e n c e s  a r e  i n v e r s e l y  p r o p o r t i o n a l  to  th e  d i s t a n c e  be tw een  
c e n t e r s ,  b u t  w h e th e r  o r  n o t  t h i s  i n f l u e n c e  would a f f e c t  rho  f o r  t h e  
o r th o  p o s i t i o n  as  compared to  o r  p^ i s  n o t  known. The c l a r i f i c a t i o n  
o f  t h i s  p o i n t  i s  im p o r ta n t  in  th e  e v a l u a t i o n  and su b se q u e n t  u t i l i z a t i o n  
o f  o r th o  s u b s t i t u e n t  c o n s t a n t s .
C l e a r l y  t h e r e  a r e  t h r e e  p o s s i b l e  r e a so n s  t h a t  can be  posed  to  
e x p la i n  t h e  in c r e a s e d  e l e c t r o n i c  e f f e c t s  f o r  o r th o  s u b s t i t u e n t s ,  as  ob­
se rv e d  in  th e  ch em ica l  s h i f t s  o f  ^ - s u b s t i t u t e d  p h e n o ls  and a n i l i n e s  in  
DMSO and HMPA: ( l )  t h e  mechanism o f  t r a n s m is s io n  o f  th e  e l e c t r o n i c
e f f e c t s  from th e  o r th o  s u b s t i t u e n t  to  th e  r e a c t i o n  c e n t e r  may b e  d i f ­
f e r e n t  from t h a t  o f  th e  p a r a  one ; i . e .  , a new p i s  r e q u i r e d : ,  ( 2 ) th e  
e l e c t r o n i c  e f f e c t s  o f  t h e  o r th o  s u b s t i t u e n t  e x p e r ie n c e d  by t h e  r e a c t i o n  
c e n t e r  may be  d i f f e r e n t  from th o s e  o f  th e  p a ra  s u b s t i t u e n t ;  jL, £ . ,  a  new 
s e t  o f  o c o n s t a n t s  i s  r e q u i r e d ;  o r  (3 ) a c o m b in a t io n  o f  ( l )  and ( 2 ) 
may be  a p p l i c a b l e .  Arguments f o r  each  o f  th e  f i r s t  two a p p ro ach es  can  
be found in  th e  l i t e r a t u r e ; 2 8 ’5 4 ’ 55 how ever, t h e  l a t t e r  s u g g e s t io n  i s  
an e x tre m e ly  c o m p lic a te d  c a s e  which would p ro b a b ly  be o f  l i t t l e  p r a c ­
t i c a l  v a lu e  due to  th e  e x c e s s iv e  number o f  p a ra m e te r s  n e c e s s a r y  f o r  t h e  
d e s c r i p t i o n  o f  t h e  l i n e a r  f r e e  en erg y  e x p r e s s io n  f o r  £ - s u b s t i t u t e d  
compounds.
The f i r s t  p o s s i b i l i t y  t h a t  a new p v a lu e  i s  r e q u i r e d  f o r  th e  
d e s c r i p t i o n  o f  o r th o  s u b s t i t u t i o n  w i l l  now be c o n s id e r e d .  The f o l ­
low ing d e r i v a t i o n  i s  b ased  upon th e  work o f  H in e48 and shows t h a t  pQ 
does n o t  t h e o r e t i c a l l y  e q u a l  p^. The m agn itude  o f  t h e  d i f f e r e n c e  be tw een  
th e  tw o , how ever, i s  n o t  known. The assu m p tio n  must f i r s t  be  made t h a t ,  
in  u s in g  th e  Hammett a p p ro a ch ,  s e p a r a t e  r h o ' s  f o r  o r th o  and p a r a
s u b s t i t u t i o n  a r e  a p p l i c a b l e .  For th e  fo l lo w in g  r e a c t i o n  in  which sub ­
s t i t u e n t  X rem a ins  unchanged and Yx i s  changed t o  Y2 :
Y A rX i tt YgArXx 
KX_
l o g  x"  = PX ^ap -Y i " ap"Y2 ^*
K- X TP"Y2
F o r  th e  an a lo g o u s  r e a c t i o n  u n d e r  i d e n t i c a l  c o n d i t i o n s  in  w hich Y i s  
h e ld  c o n s t a n t  and X^ i s  changed t o  X2 :
ky
108 ( V * i  '  ’
Kp-X a
S in c e  th e  e q u i l i b r iu m  c o n s t a n t  r a t e  i s
KX KY
(21)
K v K _p-Y2 p-X2
( 25.) and ( 2 6 ) may be combined t o  g iv e
P X ( CTn - V ,  “ CTn - v J  =  P ?  ( a n - X ,  " CTn - X  J  > ^ v P Y i p-Y2 '  Y '  p i p 2 
w hich may be r e a r r a n g e d  to  g iv e
P P
PX PY
=  T(o,, - CT ) (ct - P
p - i i - 1  P - X 2  P ” i i  P ‘ 2
( 22)
The new c o n s t a n t ,  t  ,  d e f in e d  above i s  a v a lu e  which i s  n o t
P
d ependen t upon th e  p a r t i c u l a r  r e a c t i o n s  in v o lv e d ,  b u t  i s  d ependen t upon 
th e  c o n d i t i o n s  u n d e r  w h ic h . th e  r e a c t i o n s  were ru n .  S im i la r  t  v a lu e s




Py Py , .
= To (JO)
^a o -X i " °o-X 2 - ^ o -Y j. “ ô-yJ
Now, i f  pQ = pp, th e n  t h e  two p re v io u s  e q u a t io n s  [(22) and (50) 1 may be 
d i v i d e d ,  g iv in g
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go-Xi ~ CTo-X P = °o-Yi ~ °o-Y;, _ To , ^
c t v - c t „  cr „  -  ct  -r, Tp-X2 P“X2 p-Yx P“X2 p
t  / t  sh o u ld  be  a  c o n s t a n t  f o r  a l l  r e a c t i o n s  fo l lo w in g  th e  Hammett o p
e q u a t io n  and f o l lo w in g  th e  a ssu m p tio n  o f  e q u a l  r h o ' s  f o r  o r th o  and 
p a r a  s u b s t i t u t i o n .  However, as  in  t h e  c a s e  o f  m eta  and p a r a  s u b s t i t u ­
t i o n ,  th e  a c t u a l  s u b s t i t u t i o n  o f  th e  Hammett sigm a c o n s t a n t s  in  ( j j l )  
does  n o t  p ro d u ce  a c o n s t a n t  T0/Tp v a lu e .  For example:
°o-OMe ~ °o -C l  _ - 0 . 5 7  -  0 .5 0  =  \  ^
°p-OMe " °p -C l -0 .2 6 8  -  0 .2 2 7
^o-CHq ~ °o-CO0 _ - 0 .0 2  -  0 .7 0  ,
CTP-CH3 -  Vow '  - 0-170  -  0 .4 5 9  -  •
O th e r  examples g iv e  s i m i l a r  r e s u l t s .  The g q  v a lu e s  s e l e c t e d  a r e  th o s e
g iv in g  th e  b e s t  c o r r e l a t i o n  o f  to  A8^; th e y  a r e  b e l i e v e d  to  be  th e
b e s t  v a lu e s  o f  a  .o
S in c e  a  c o n s t a n t  v a lu e  f o r  r  / t  i s  n o t  o b s e rv e d ,  th e  con-o p
e l u s i o n  may be made t h a t  pQ does n o t  e q u a l  p^. T h is  c o n c lu s io n  p a r a l ­
l e l s  H in e 's  own c o n c lu s io n  r e g a r d in g  t h e  n o n e q u iv a le n c e  o f  p^ and p ^ .
The n e x t  q u e s t i o n  w hich sh o u ld  be  asked  r e g a r d in g  rho v a l u e s ,  i s  w h e th e r  
i t  i s  p o s s i b l e  to  c o n s id e r  pQ and p^ e q u a l  from a p r a c t i c a l  s t a n d p o i n t ;  
_i._e. , i s  th e  d i f f e r e n c e  betw een th e  two r e a c t i o n  c o n s t a n t s  v e ry  la r g e ?
C h a r to n 54 h a s  e s t im a te d  s e v e r a l  v a lu e s  o f  th e  r a t i o  o f  p / pr o p
from  th e  r e s u l t s  o f  t h e  fo l lo w in g  d e r i v a t i o n :
-X
By d e f in in g
los( " ? ) °  CT° - yP
<22)
67
(2 0 ) becomes
l0« ( l ( j f  )  = % - x p ■ ( 2 k )







A ccord ing  to  C h a r to n ,  C r e p r e s e n t s  t h e  e l e c t r i c a l  e f f e c t s  o f  th e  o r th o  
s u b s t i t u e n t  compared to  t h e  e l e c t r i c a l  e f f e c t s  in  th e  p a r a  p o s i t i o n .
t i o n  o f  s u b s t i t u e n t  e f f e c t s  from th e  o r th o  p o s i t i o n .  The v a lu e s  o f  C 
in  r e a c t i o n s  s e r i e s  in  w hich  s t e r i c  e f f e c t s  a r e  l a r g e l y  a b s e n t  ra n g e  
from 0.1)30 to  1 .1 4 7  and upon f i r s t  g la n c e  seem to  s u b s t a n t i a t e  t h e  non­
e q u iv a le n c e  o f  pQ and pp. However, t h e  assum ption  t h a t  aQ = Ccr  ̂ may 
n o t  be e n t i r e l y  c o r r e c t  as  d i s c u s s e d  be low .
E s s e n t i a l l y  he ta k e s  t h e  f i r s t  app roach  d e s c r ib e d  on page 6 4 ;  >
t h a t  th e  e l e c t r o n i c  e f f e c t s  from th e  o r th o  s u b s t i t u e n t  a r e  t h e  same as 
th o s e  from  th e  p a r a  one , and t h a t  a  new r e a c t i o n  c o n s ta n t  i s  t h e r e f o r e  
r e q u i r e d .  One c o u ld  a rg u e  e q u a l ly  w e l l  t h e  opposing  p o i n t  o f  v iew  t h a t  
a  new a  was needed  and th e  same p c o u ld  be  u sed  f o r  b o th  o r th o  and p a ra
The fo l lo w in g  a s s u m p t io n s ,  how ever, must be k e p t  in  mind; ( l )  cr  ̂ may 
b e  r e p r e s e n t e d  as  a c o n s t a n t  f u n c t io n  o f  cr^, and ( 2) t h i s  c o n s t a n t  (c) 
can  be r e f l e c t e d  in  pQ, th e r e b y  a l lo w in g  th e  u se  o f  a  f o r  th e  d e s c r i p -
In  t h i s  a u t h o r ' s  o p in io n ,  C h a r to n 's  approach  i s  a n a iv e  one .
s u b s t i t u t i o n .  Then C would r e p r e s e n t  th e  r a t i o  o f  c  / a
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betw een new sigma c o n s t a n t s  o r  new rho  v a lu e s  i s  n o t  o b v io u s ;  mathema­
t i c a l l y ,  th e  r e s u l t s  a r e  t h e  same. To r e s o l v e  t h i s  q u e s t i o n ,  a c a r e f u l  
s tu d y  m ust be  made o f  t h e  d a t a  t o  d e te rm in e  w he ther  oq r e a l l y  i s  s im ply  
a  c o n s t a n t  f u n c t io n  o f  cr  ̂ as  has  p r e v io u s ly  been  assum ed; t h i s  assump­
t i o n  i s  t h e  c ru x  o f  t h e  i s s u e  and i s  d i s c u s s e d  in  d e t a i l  below .
The a ssu m p tio n  t h a t  o = Cct im p l ie s  t h a t  b o th  i n d u c t iv e  ando p
re s o n a n c e  e f f e c t s  a r e  l a r g e r  i n  th e  o r th o  s u b s t i t u e n t  c o n s ta n t  th a n  iri
th e  p a ra  one . The c o n c lu s io n  from t h i s  D i s s e r t a t i o n  work i s  t h a t  ao
does n o t  e q u a l  Co- (which i n d i c a t e s  b o th  i n d u c t iv e  and re so n an c e  con­
t r i b u t i o n s  a r e  changed by th e  same amount) and i n s t e a d  i s  a f u n c t io n  o f  
in c r e a s e d  i n d u c t iv e  c o n t r i b u t i o n s  a lo n e .  However, i n  th e  p a s t  t h e  r a t e  
o r  e q u i l i b r iu m  d a t a  in  t h e  l i t e r a t u r e  f o r  o r th o  s u b s t i t u t e d  compounds 
have  n o t  been  o f  s u f f i c i e n t  a c c u ra cy  to  q u e s t io n  th e  n a tu r e  o f  aQ o r  
pQ, and many i n v e s t i g a t o r s 56 have  o f t e n  assumed t h a t  oq -  a and 
po = pp f o r  p ra g m a tic  r e a s o n s .
The a n a l y s i s  o f  C h a r to n 's  p o s t u l a t e  t h a t  aQ = Ccr  ̂ w i l l  now be 
d i s c u s s e d ,  f o r  on t h i s  p o s t u l a t e  r e s t s  C h a r to n 's  a rgum ent f o r  t h e  non­
e q u iv a le n c y  o f  and p . Most i n v e s t i g a t o r s  have p r e f e r r e d  t o  r e f e r  
t o  th e  r e a c t i v i t i e s  o f  £ - s u b s t i t u t e d  compounds in  a  manner s i m i l a r  to  
th e  f o l lo w in g  s t a t e m e n t s :  "O rtho  s u b s t i t u e n t s  in  su ch  r e a c t i o n  s e r i e s
[[in which th e  s u b s t i t u e n t  and r e a c t i o n  s i t e  a r e  n o t  a d ja c e n t^  have  th e  
same ty p e  o f  e l e c t r i c a l  e f f e c t s  as p a r a  s u b s t i t u e n t s .  These e f f e c t s  
a r e  abou t th e  same o rd e r  o f  m agn itude  f o r  o r th o  as f o r  p a ra  s u b s t i t u ­
e n t s , " 54 o r ,  "The 'n o r m a l '  e l e c t r i c a l  e f f e c t  o f  a  s u b s t i t u e n t  in  an £ -  
p o s i t i o n  i s  p r o p o r t i o n a l  t o  i t s  e f f e c t  in  th e  £ ~ p o s i t i o n . " 23 These 
s ta t e m e n ts  a r e  n e c e s s a r i l y  v ag u e , s i n c e  r e a c t i v i t y  d a t a  f o r  o - s u b s t i t u t e d
compounds a r e  n o t  o f  s u f f i c i e n t  r e a l i a b i l i t y  to  d i s t i n g u i s h  th e  e x a c t
r e l a t i o n s h i p  between and o^ . T h is  l a t t e r  s ta te m e n t  i s  e s p e c i a l l y
t r u e  in  th e  absence  o f  d a ta  c o n ce rn in g  th e  n a t u r e  o f  cr and p .& o Ko
Many tim es  in  th e  l i t e r a t u r e , th e  s ta te m e n t  i s  made t h a t  th e  
r e a c t i v i t i e s  o f  £ - s u b s t i t u t e d  compounds " p a r a l l e l "  th o s e  o f  th e  £ -  
s u b s t i t u t e d  compounds. In  a b ro ad  se n se  o f  th e  word, t h i s  s ta te m e n t  
i s  t r u e ;  i . e . , th e  o-CN s u b s t i t u e n t  i s  more e l e c t r o n  w ithd raw ing  th a n  
th e  £-Me g ro u p , j u s t  as in  th e  s i m i l a r  com parison o f  th e  p a r a  s u b s t i - ,  
t u e n t s .  From th e  nmr chem ica l s h i f t  p a ra m e te r ,  th e  same o rd e r  o f  AS 
v a lu e s  from e le c t ro n - w i th d ra w in g  to  e l e c t r o n - d o n a t i n g  s u b s t i t u e n t s  i s  
ach iev ed  in  th e  s e r i e s  o f  o r th o  s u b s t i t u e n t s  as in  th e  s e r i e s  o f  p a ra  
o n es .  However, th e  g r a d a t io n  o f  e l e c t r o n i c  e f f e c t s  i s  d i f f e r e n t  in  
each  s e r i e s ,  as i l l u s t r a t e d  in  F ig u re  IS:
A5p '—1— l-
CH=CHC02 Me Cl
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F ig u re  12
R e l a t i v e  hydroxy l a b s o r p t io n s  f o r  s e l e c t e d  
o r th o -a n d  p a r a - s u b s t i t u t e d  p h en o ls
TO
F o r exam ple, in  F ig u r e  12 t h e  o-CN s u b s t i t u e n t  i s  more e l e c t r o n  w i th ­
draw ing th a n  th e  £-CN g ro u p ;  how ever, th e  o_-Me s u b s t i t u e n t  i s  l e s s  
e l e c t r o n  d o n a t in g  th a n  th e  £-Me group ( . i . e .  , t h e  ch em ica l s h i f t  o f  £ -  
m e th y lp h en o l  i s  u p f i e l d  from t h a t  o f  jp -m eth y lp h en o l) .  C le a r l y  th e n  i f
t h e  a  v a lu e s  a r e  t o  r e f l e c t  th e  chem ica l in f lu e n c e s  o f  o r th o  s u b s t i -  o
tu e n t s  a c c u r a t e l y ,  C h a r to n 's  p o s t u l a t e  t h a t  aQ ~ c an n o t  be  t r u e ,  
f o r  i f  t h i s  were t h e  c a s e ,  th e  sigma c o n s t a n t  f o r  £-Me would have  t o  ' 
be  more n e g a t i v e  (more e l e c t r o n - d o n a t i n g )  th a n  t h a t  o f  t h e  £-Me s u b s t i ­
t u e n t .  T h is  example i s  i l l u s t r a t e d  g r a p h i c a l l y  in  F ig u r e  13*












(not to  scale)
F ig u r e  13
C h a r to n 's  p o s t u l a t e  p r e d i c t s  th e  wrong o rd e r  o f  e l e c t r o n -  
d o n a t in g  c a p a b i l i t i e s  f o r  o r th o  s u b s t i t u e n t s
The g r e a t e r  d o w n f ie ld  p o s i t i o n  f o r  th e  h y d ro x y l  p r o to n  f o r  
£ - s u b s t i t u t e d  p h en o ls  o v e r  th e  jd- s u b s t i t u t e d  ones and th e  c o r re sp o n d in g  
g r e a t e r  p o s i t i v e  c h a r a c t e r  o f  aQ v a lu e s  o v e r  t h e  v a lu e s  can  be b e t t e r  
e x p la in e d  th ro u g h  th e  u s e  o f  an in c r e a s e d  in d u c t i v e  e f f e c t  o p e r a t i v e  in  
t h e  o r th o  p o s i t i o n .  T h is  s u g g e s t io n  i s  m a n i f e s t e d  i n  th e  fo l lo w in g  
e q u a t io n s :
ap ‘  CTI + °R 0 5 )
uo = kcri +  ctr  (52)
From th e  t a b l e s 57 o f  cj v a lu e s  f o r  t h e  common p a ra  s u b s t i ­
t u e n t s ,  a l l  v a lu e s  o f  t h i s  c o n s t a n t  a r e  p o s i t i v e  w i th  th e  e x c e p t io n  o f  
t h o s e  f o r  m ethy l ( - 0 .0 8 )  and e th y l  (-O.O3 ) .  S in c e  th e  e l e c t r o n i c  e f ­
f e c t s  from th e  o r th o  s u b s t i t u e n t  a r e  g r e a t e r  th a n  th o s e  o f  t h e  p a ra
p o s i t i o n  as  i l l u s t r a t e d  in  F ig u re  12 , k sh o u ld  be g r e a t e r  th a n  1 , and
(e x c e p t  f o r  m ethy l and e t h y l )  <j sh o u ld  be more p o s i t i v e  th an  a  • T h iso p
e x p la n a t io n  f o r  t h e  i n c r e a s e  o f  <7̂  o v e r  <7 i s  c o n s i s t e n t  w ith  modern 
th e o ry  o f  s u b s t i t u e n t  e f f e c t  c o n t r i b u t i o n s  and i s  a l s o  s u c c e s s f u l  i n  
d e s c r i b i n g  th e  t r e n d  in  t h e  A6q v a l u e s ,  s i n c e  e q u a t io n  ( j ^ )  r e q u i r e s  
t h a t  ctq be g r e a t e r  ( l e s s  n e g a t i v e )  th an  <7 f o r  e l e c t r o n - d o n a t i n g  s u b s t i ­
t u e n t s .  The in d u c t iv e  ami. re so n a n c e  c o n t r i b u t i o n s  t o  a  a r e  d i s c u s s e do
i n  d e t a i l  in  S e c t io n  IX.
I t  can  be seen  from t h i s  t a n g e n t i a l  e x e r c i s e  t h a t  C h a r to n 1s 
p r o p o s a l  t h a t  pQ 4 pp i s  b ased  upon an e r ro n e o u s  a ssum ption  and t h e r e ­
f o r e  c a n n o t  be u sed  as e v id e n c e .
D e sp i te  th e  f a c t  t h a t  H i n e ^  t r e a tm e n t  l e a d s  t o  th e .  c o n c lu ­
s io n  t h a t  pQ and pp a re  n o t  e q u a l ,  s u p p o r t in g  e x p e r im e n ta l  ev id en c e  f o r  
t h i s  id e a  i s  v e ry  m eager. O ther p r a c t i c a l  c o n s i d e r a t i o n s  a l s o  d i s ­
c o u rag e  th e  t h e o r e t i c a l  ad v an tag e  f o r  c o n s id e r in g  s e p a r a t e  rho  v a lu e s
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f o r  o r th o  and p a ra  s u b s t i t u t i o n .  For example, th e  s im p l i c i t y  and e f ­
f e c t i v e n e s s  o f  th e  Hammett approach a re  l o s t  when a d d i t i o n a l  p a ram ete rs  
must be de term ined  and in tro d u ce d  in to  th e  e q u a t io n .  A lso , th e  f a c t  
t h a t  t h e o r e t i c a l l y  does no t equa l has n o t  a f f e c t e d  th e  v e r s a t i ­
l i t y  o f  th e  o r i g i n a l  Hammett r e l a t i o n s h i p ;  th e  u se  o f  one rho  v a lu e  
fo r  bo th  m eta and p a ra  s u b s t i t u t i o n  has  r e s u l t e d  in  s u c c e s s fu l  c o r r e l a ­
t i o n s  o f  thousands o f  r e a c t i o n  r a t e  and e q u i l ib r iu m  d a ta .
S e v e ra l  o th e r  i n v e s t i g a t o r s  have concluded from r e a c t i v i t y  
d a ta  t h a t ,  f o r  a l l  p r a c t i c a l  p u rp o se s ,  pQ does equa l p . For example, 
J a f f ^ ,  e t . a l . 58 s tu d ie d  th e  a c id  d i s s o c i a t i o n  c o n s ta n ts  o f  a s e r i e s  
o f  m u l t i p l y - s u b s t i t u t e d  benzenephosphonic a c id s  and concluded t h a t  th e  
r e a c t i o n  c o n s ta n t  f o r  a r e a c t i o n  s e r i e s  w ith  c o n s ta n t  o r th o  s u b s t i t u ­
t i o n  was th e  same as th e  one f o r  th e  analogous s e r i e s  w ith o u t  t h i s  
o r th o  s u b s t i t u t i o n .  In  each of th e  fo l lo w in g  r e a c t i o n  s e r i e s ,  th e  , 
o r th o  s u b s t i t u e n t ,  X, was h e ld  c o n s ta n t  w h ile  th e  meta o r  p a r a  s u b s t i ­
t u e n t ,  R, was v a r ie d .
Reaction series: 
X= HTCI,Br
po-H = P o-C I= A )-B r
PO- Reaction series:
X= H,CI,Br,OMe
+  H Po-H—Po-CI= P0-Br=
Po-OMe
R o b er ts  and Yancy59 s i m i l a r l y  co n p ared  th e  r e a c t i o n s  o f  d ip h e n y ld ia z o -  
m ethane w i th  and 5- s u b s t i t u t e d - 2 - m e th y lb e n z o ic  a c id s  and th e  c o r r e s ­
ponding  m- and £ - s u b s t i t u t e d  b e n zo ic  a c i d s ;  th e y  found t h a t  th e  r e a c t i o n  
c o n s t a n t ,  p , was a l s o  t h e  same f o r  b o th  r e a c t i o n  s e r i e s .
Reaction series: 
X= H, Me
Po-H =  Po-Me
In  a s tu d y  o f  th e  OH s t r e t c h i n g  f r e q u e n c i e s  o f  a s e r i e s  o f  
2 , 6 - d i - j : ~ b u t y l - i | - s u b s t i t u t e d  p h en o ls  and th e  c o r re s p o n d in g  s e r i e s  o f  
^ - s u b s t i t u t e d  p h e n o ls ,  I n g o ld 60 found t h a t ,  a l th o u g h  th e  f r e q u e n c i e s
o f  th e  fo rm er compounds a r e  h ig h e r  th a n  th o s e  o f  th e  l a t t e r  o n e s ,  b o th
)
s e r i e s  c o r r e l a t e d  w i th  th e  Hammett <7 c o n s t a n t s ,  y i e l d i n g  th e  same rho  
v a lu e .  Cohen and J o n e s 43 s tu d ie d  th e  u l t r a v i o l e t  s p e c t r a  o f  th e  same 
compounds m en tioned  above in  b o th  th e  m o le c u la r  and io n iz e d  forms and 
co n c lu d ed  t h a t  th e  p re s e n c e  o f  th e  two £ - t : - b u t y l  groups in  th e  h in d e re d  
pheno l s e r i e s  in c r e a s e d  rho  on ly  v e ry  s l i g h t l y  o v e r  t h a t  f o r  t h e  un­
h in d e re d  s e r i e s .
From th e  above e v id en c e  and d i s c u s s i o n ,  I t  would ap p ea r  t h a t  
w i th in  t h e  a ccu racy  l i m i t a t i o n s  o f  t h e  Hammett e q u a t i o n ,  th e  u se  o f  a 
s i n g l e  rh o  v a lu e  f o r  o r t h o ,  m e ta ,  and p a r a  s u b s t i t u t i o n  le a d s  t o  l i t t l e ,  
i f  an y , m i s r e p r e s e n t a t i o n  o f  th e  r e a c t i v i t y  d a t a  and a t  th e  same t im e  
adds s i g n i f i c a n t  u t i l i t y  to  th e  a p p ro ach . I t  sh o u ld  be n o te d  t h a t  th e  
above examples in v o lv e  c o n s t a n t  o r th o  s u b s t i t u t i o n  (_i.£ . , c o n s ta n t  
o r th o  i n t e r a c t i o n s ) .  A p p a re n t ly ,  o b s e r v a t io n s  o f  p r o p o r t i o n a l  p ro x im ity
and e l e c t r o n i c  e f f e c t s  (_ i.e . , p o t e n t i a l -  and k i n e t i c - e n e r g y  c o n t r i b u ­
t i o n s )  have  n o t  been  s t u d i e d .
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IX. C o n t r ib u t io n s  o f  <r and or t o  oI  R o
T here  i s  no doub t a t  t h i s  p o i n t  t h a t  t h e  r e a c t i v i t i e s  o f  £ -  
s u b s t i t u t e d  compounds g e n e r a l l y  do p a r a l l e l  th e  r e a c t i v i t i e s  o f  th e  
c o r re sp o n d in g  ^ - s u b s t i t u t e d  compounds to  a  c lo s e  d e g re e .  T h is  f a c t  
s u g g e s ts  t h a t  t h e  i d e n t i t y  o f  t h e  c o n t r i b u t i o n s  t o  each  may w e l l  be 
th e  same, a l th o u g h  th e  m ag n itu d es  o f  t h e s e  c o n t r i b u t i o n s  may n o t  a t  a l l  
be t h e  same f o r  b o th  o r th o  and p a r a  s u b s t i t u t i o n .  T a f t 61 h a s  chosen  
to  d i s c u s s  t h e s e  c o n t r i b u t i o n s  in  te rm s o f  w hich r e l a t e s  th e  e l e c ­
t r i c a l  e f f e c t  o f  th e  s u b s t i t u e n t  t r a n s m i t t e d  p r i m a r i l y  th ro u g h  th e  sigma
bond ne tw ork  o f  th e  a ro m a t ic  m o le c u le ,  and <r , w hich r e l a t e s  t h e  e l e c -K
t r i c a l  e f f e c t  o f  th e  s u b s t i t u e n t  t r a n s m i t t e d  th ro u g h  th e  p i  bond system . 
I n d u c t iv e  e f f e c t s  a r e  c o n s id e re d  t o  depend upon a  f u n c t io n  o f  t h e  d i s ­
ta n c e  from th e  s u b s t i t u e n t  to  t h e  r e a c t i o n  c e n t e r ,  w hereas r e so n a n c e  
e f f e c t s  a re  c o n s id e re d  t o  be d: . .c r ib u te d  u n i fo r m ly  ab o u t th e  a ro m a tic  
n u c l e u s .*
I f  t h e  r e a s o n in g  o f  Branch and C a lv in 63 i s  fo l lo w e d ,  t h e  i n ­
d u c t iv e  i n f l u e n c e ,  b e c a u se  o f  i t s  dependence  upon t h e  d i s t a n c e  from th e  
r e a c t i o n  c e n t e r ,  shou ld  be e x p e c te d  i n t u i t i v e l y  t o  be  g r e a t e r  f o r  an 
o r th o  s u b s t i t u e n t  th a n  f o r  a p a r a  one . S i m i l a r l y ,  b eca u se  o f  th e  u n i ­
form e l e c t r o n  d i s t r i b u t i o n  in  t h e  Tf bond n e tw o rk ,  re so n a n c e  e f f e c t s  
sh o u ld  be t h e  same f o r  b o th  o r t h o  and p a r a  s u b s t i t u t i o n .  T h e r e f o r e ,  i t
* T h is  a u th o r  i s  aware t h a t  a few i n v e s t i g a t o r s  d i s a g r e e  w i th  th e  con ­
c e p t  o f  o n ly  i n d u c t i v e  and re s o n a n c e  e f f e c t s  c o n t r i b u t i n g  t o  th e  e l e c ­
t r o n i c  d e s c r i p t i o n  o f  s u b s t i t u e n t s .  F o r  exam ple, Dewar62 and o th e r s  
h av e  s u g g e s te d  t h a t  a s  many as  f i v e  d i f f e r e n t  c o n t r i b u t i o n s  may be  ap­
p l i c a b l e .  However, s i n c e  t h e r e  i s  s t i l l  on ly  s l i g h t  e v id e n c e  f o r  th e s e  
c o n t r i b u t i o n s  and no g e n e r a l l y  a p p l i c a b l e  d a t a ,  t h e  ap p ro ach  o f  T a f t  
i s  c o n s id e r e d  s u p e r i o r  f o r  t h e o r e t i c a l  c o n s i d e r a t i o n s .
i s  r e a s o n a b le  t o  assume t h a t  oQ c an be r e p r e s e n t e d  by e x p r e s s io n s  (^ 8 ) 
and (2 2 ) ;  i . e . ,
CTp = CTI  +  °R ^
°o  = kai  +  aR ®
I f  i t  i s  assumed t h a t  ( l )  pQ = p^ and t h a t  (2 )  o n ly  i n d u c t iv e
e f f e c t s  a r e  r e s p o n s i b l e  f o r  t h e  in c r e a s e  o f  <j o v e r  cr , th e n  th e  f o l -  r  o p
low ing  d e r i v a t i o n  sh o u ld  be  v a l i d :
c o = k(JI  +  CR 
°p  = CTI +  °l
(<J0  -  o-p) =  k a r  ■ O j = » r ( k  " ! )  (M )
k  i s  a c o n s t a n t  r e l a t i n g  th e  i n c r e a s e  ( o r  d e c r e a s e )  o f  i n d u c t i v e  e f ­
f e c t s  p r e s e n t  i n  t h e  o r th o  s u b s t i t u e n t  c o n s t a n t .  I f  (crQ -  c  ) i s  
p l o t t e d  v s .  <7 j ,  th e n  a l i n e a r  r e l a t i o n s h i p  sh o u ld  be  fo u n d ,  th e  s lo p e  
o f  w hich would be  (k  -  l ) .  However, no such l i n e a r  r e l a t i o n s h i p  was
found . From t h i s  f a c t  th e  c o n c lu s io n  can  be made t h a t  e i t h e r  o r  b o th
o f  t h e  above a ssu m p tio n s  a r e  i n c o r r e c t ;  how ever, t h e r e  i s  more e v id e n c e  
f o r  th e  fo rm er assu m p tio n  ( S e c t io n  Vi) th a n  f o r  t h e  l a t t e r .
I f  one ta k e s  i n to  c o n s i d e r a t i o n  th e  s u g g e s t io n  t h a t  a f o u r  
p a ra m e te r  e q u a t io n  m ig h t  d e s c r ib e  th e  o r th o  sigma c o n s t a n t s  b e t t e r  
th a n  e q u a t io n  (ijO) ,  t h e  f o l lo w in g  e x p r e s s io n s ,  b a se d  upon i n t u i t i v e
p o s t u l a t e s ,  a r e  p l a u s i b l e :  I f  b o th  aT and <j a r e  r e s p o n s i b l e  f o r  th e1 R
i n c r e a s e  o f  cr over cr , th e n  a  may be d e s c r ib e d  i n  th e  fo l lo w in g  manner: o p o
cro = ka-j. +  mcR ( U )
w here m i s  a c o n s ta n t  r e l a t i n g  th e  in c r e a s e  o r  d e c r e a s e  o f  re so n a n c e  
e f f e c t s  p r e s e n t  in  t h e  o r th o  s u b s t i t u e n t  c o n s t a n t .  A computer-programmed 
c o m p u ta t io n ,  b ased  upon an i t e r a t i v e  p ro c e d u re ,  p roduces  t h e  fo l lo w in g
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e q u a t io n  w hich  i s  i l l u s t r a t e d  i n  F ig u r e  Ilf ( r  -  O .9 6 6 ; s = 0 .1 2 6 ;  n  =
U):
a" = 1 . 29ctt  +  0 . 625cr” (4 2 )o J. it
I f  ov and n a r e  r e s p o n s i b l e  f o r  t h e  i n c r e a s e  o f  a  o v e r  a  , t h e n  <j I  o p o
may b e  d e s c r ib e d  i n  t h e  f o l l o w in g  m anner:
a ” = n ( k a I  + crR) (* £ )
where n i s  a  c o n s t a n t  r e l a t i n g  t h e  change o f  o v e r  p^.
The f o l l o w in g  e q u a t io n  i s  o b ta in e d  from  t h e  com puter com puta­
t i o n  o f  (h^>).
a  = 0 . 62 5 ( 2 . 0 6 ctt  +  av.) (4 4 )O X K. ——
Of c o u r s e ,  o t h e r  p o s s i b i l i t i e s  e x i s t  f o r  d e s c r i b i n g  th e  i n c r e a s e  o f  
o r th o  e l e c t r o n i c  e f f e c t s  o v e r  t h o s e  from  th e  p a r a  p o s i t i o n .  However, 
s i n c e  t h e  u s e  o f  a f o u r  p a ra m e te r  e q u a t i o n  i s  a t  b e s t  t e n u o u s ,  t h i s  
a u th o r  p r e f e r s  to  a c c e p t  t h e  e v id e n c e  d i s c u s s e d  in  S e c t io n  V I, t h a t  
p^ = p , and t h e  p o s t u l a t e  t h a t  b o th  r e s o n a n c e  and i n d u c t i v e  i n f l u e n c e s  
a r e  d i f f e r e n t  i n  t h e  o r th o  and p . r a  p o s i t i o n s .  T hese  p r e f e r e n c e s  im ply 
t h a t  e q u a t io n  ( 4l ) i s  t h e  more a c c u r a t e  d e s c r i p t i o n  o f  <jQ th a n  e q u a t io n  
( 4 5 ) .  The r e a s o n  why t h e  i n d u c t i v e  c o n t r i b u t i o n  sh o u ld  be l a r g e r  i n  
t h e  o r th o  p o s i t i o n  th a n  i n  t h e  p a r a  one i s  c l e a r :  t h e  c l o s e r  p r o x im i ty
o f  t h e  s u b s t i t u e n t  i s  r e s p o n s i b l e  f o r  t h i s  e f f e c t ;  h o w ev er ,  t h e  d e c r e a s e  
o f  re s o n a n c e  i n f l u e n c e s  i n d i c a t e d  by e x p r e s s io n  (4 2 ) i s  n o t  a t  a l l  e v i ­
d e n t .  T h is  a p p ro ach  a t  b e s t  i s  o n ly  an a p p ro x im a te  one .





X„ Hydrogen Bonding i n  DMSO:
I n t e r m o l e c u l a r  h yd rogen  b o n d in g  be tw een  th e  p h e n o l i c  h y d ro x y l  
group and v a r io u s  s o l v e n t s  h a s  been  known f o r  many y e a r s  and has  b e en  
i n v e s t i g a t e d  p r i m a r i l y  th ro u g h  i n f r a r e d  s p e c t r o s c o p y 64 and more r e c e n t l y  
by nmr m e th o d s .65 DMSO i s  w e l l  known as  a  s t r o n g l y  s o l v a t i n g  medium, 
fo rm in g  e x tre m e ly  s t r o n g  i n t e r m o l e c u l a r  hy d ro g en  bonds w i th  many p r o to n  
donors , such  as a l c o h o l s ,  p h e n o l s ,  and a m in e s .66 B ecause o f  t h e  hyd rogen  
b e n d in g  power o f  DMSO, ch em ica l  exchange  o f  t h e  h y d ro x y l  p ro to n  i n  many 
a lc o h o l s  may be  s u p re s s e d  to  t h e  e x t e n t  t h a t  s p i n - s p i n  c o u p l in g  b e tw een  
t h e  h y d ro x y l  p ro to n  and a d j a c e n t  p r o to n s  can o f t e n  be o b s e r v e d .67 W hile 
p h e n o ls  do n o t  e x h i b i t  h y d ro x y l  s p l i t t i n g s  i n  DMSO (p resu m ab ly  b e c a u s e  
o f  t h e  h i g h e r  a c i d i t y  o f  th e  h y d ro x y l  p r o t o n ) , t h e s e  compounds a r e  
s t i l l  s t r o n g l y  s o l v a t e d  and form  v a r io u s  a s s o c i a t e d  com plexes i n  s o l u ­
t i o n .  dS The p red o m in an t  i n t e r m o l e c u l a r  s p e c ie s  a t  h ig h  .p h e n o l ic  co n ­
c e n t r a t i o n s  i s  b e l i e v e d  t o  b e  t h e  t r i m e r  i l l u s t r a t e d  b e lo w , w h i le  a t  
low c o n c e n t r a t i o n s  i t  i s  t h e  d i m e r .69
Me
High ArOH Low ArOH
c o n c e n t r a t i o n  c o n c e n t r a t i o n
I n  th e  s tu d y  m en tio n ed  e a r* l ie r  o f  s u b s t i t u t e d  p h en o ls  i n  
DMSO ( S e c t io n  IV ) ,  t h e  h y d ro x y l  c h em ica l  s h i f t  o f  t h e s e  compounds was
shown t o  p a r a l l e l  t h a t  o f  th e  ^ - s u b s t i t u t e d  compounds. T h is  f a c t  was 
i n t e r p r e t e d  in  te rm s o f  t h e  ab sen ce  o f  s t e r i c  e f f e c t s  be tw een  th e  
o r th o  s u b s t i t u e n t  and t h e  h y d ro x y l  g roup . The r e a s o n  f o r  t h i s  freedom  
from o r th o  e f f e c t s  can  be  p o s t u l a t e d  to  a r i s e  from two e f f e c t s :  ( l )
th e  b u lk  o f  t h e  DMSO***HO m oie ty  o r i e n t s  i t s e l f  away from t h e  o r th o  
s u b s t i t u e n t ,  and ( 2 ) t h e  r e so n a n c e  s t a b i l i z e d  b a r r i e r  to  r o t a t i o n .ab o u t 
t h e  C-0 bond k eep s  th e  s o lv a t e d  h y d ro x y l  from f r e e l y  t u r n i n g  tow ards  
th e  o r th o  s u b s t i t u e n t ,  a s  shown be low . T h is  p o s t u l a t e  i s  f u r t h e r  
s t r e n g th e n e d  by th e  f a c t  t h a t  2 , 6- d i s u b s t i t u t i o n  on th e  p h en o l  r i n g  
d i s r u p t s  th e  r e so n a n c e  s t a b i l i z e d  C-0 b o nd , c a u s in g  th e  c h em ica l  s h i f t  
o f  th e  h y d ro x y l  t o  move so f a r  u p f i e l d  as t o  be w e l l  o u t  o f  th e  ra n g e  
o f  norm al p h e n o l ic  h y d ro x y l  a b s o r p t io n s  i n  DMSO. T h is  l a t t e r  p o in t  i s  
f u r t h e r  d i s c u s s e d  in  S e c t io n  X II .
S u r p r i s i n g l y  enough, i n  a lm ost e v e ry  c a s e  o f  th e  s p e c t r o s c o p ic  
d e t e r m in a t io n  o f  i n t e r m o le c u la r  hydrogen bon d in g  betw een o - s u b s t i t u t e d  
p h e n o ls  and v a r io u s  p a r t i c i p a t i n g  s o l v e n t s ,  t h e  o r th o  s u b s t i t u e n t  does
* From t h e  microwave d a t a  o f  Kojim a70 th e  i n t e r n a l  p o t e n t i a l  energy  
b a r r i e r  to  th e  r o t a t i o n  o f  th e  hy d ro x y l group in  pheno l i s  e s t im a te d  
to  be  abou t 3*1 k c a l /m o le .
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n o t  i n h i b i t  t h e  fo rm a t io n  o f  a  m o le c u la r  complex (p resum ably  f o r  t h e  
same re a so n s  s t a t e d  a b o v e ) .  F o r  exam ple, C o g g e s h a l l , 71 s tu d y in g  th e  
m o le c u la r  a s s o c i a t i o n  o f  h in d e re d  p h en o ls  in  CC14 , found t h a t  th e  c>-Me 
group d id  n o t  i n h i b i t  t h e  m o le c u la r  a s s o c i a t i o n  o f  th e  p h en o l w i th  t h e  
s o l v e n t .  S i m i l a r l y ,  Rubin and Panson72 s tu d ie d  t h e  i n t e r a c t i o n s  o f  
s u b s t i t u t e d  p h en o ls  and p y r i d i n e s  i n  CC14 and found t h a t  t h e  e q u i l i b r iu m  
c o n s t a n t  f o r  £ - j :~ b u ty lp h e n o l  was on ly  s l i g h t l y  low er th a n  t h a t  o f  £ -J t-  
b u t y lp h e n o l .  T h is  e v id en c e  i s  c o n s i s t e n t  w ith  t h e  c o n c lu s io n  t h a t  i n  
p r o to n  a c c e p to r  s o l v e n t s ,  a  s i n g l e  l a r g e  group i n  t h e  o r th o  p o s i t i o n  
does n o t  i n h i b i t  t h e  a s s o c i a t i o n  o f  t_^e s o lv e n t  w i th  th e  pheno l m o le c u le .  
The low er v a lu e  o f  th e  e q u i l i b r i u m  c o n s t a n t  was i n t e r p r e t e d  in  te rm s  o f  
a l a r g e r  i n d u c t iv e  e f f e c t  from t h e  o r th o  s u b s t i t u e n t .  2 ,6 - D i - _ t - b u ty l -  
p h e n o l , on th e  o th e r  h a n d ,  showed a marked d e c r e a s e  in  t h e  e q u i l i b r iu m  
c o n s t a n t ,  d e m o n s t ra t in g  t h a t  s t e r i c  i n h i b i t i o n  o f  s o l v a t i o n  can be p r o ­
duced in  t h i s  system .
The c o m p l ic a t in g  p o s s i b i l i t y  o f  s im u lta n eo u s  i n t r a -  and i n t e r -  
m o le c u la r  hydrogen  bond ing  c o m p e t i t io n  i n  th e  c a s e  o f  £ - s u b s t i t u t e d  
ph en o ls  must now be c o n s id e r e d .  I n  DMSO, phenol i t s e l f  form s s t r o n g  
in t e r m o l e c u l a r  hydrogen  bonds o f  6 .5  ± 0 .2  k c a l /m o le  a t  J O .7° , 73 and 
one would e x p e c t  on ly  t h e  s t r o n g e s t  o f  i n t r a m o le c u la r  i n t e r a c t i o n s  to  
compete o r  even s u c c e s s f u l l y  overshadow  t h i s  s t r o n g  in te r m o le c u la r  i n ­
f l u e n c e .  The o b s e r v a t io n  o f  i n t r a m o l e c u l a r  hydrogen  bonds i n  o- 
s u b s t i t u t e d  p h en o ls  i s  an i n t e r e s t i n g  and w e l l - i n v e s t i g a t e d  phenomenon 
in  w hich th e  p h e n o l ic  h y d ro x y l forms hydrogen  bonds from v e ry  weak to  
v e ry  s t r o n g  b in d in g  e n e r g ie s  w i th  even such  u n l i k e l y  s u b s t i t u e n t s  as  
th e  h a l o g e n s , 74 Tt e l e c t r o n s  in  b o th  a ro m a tic  and o l e f i n i c  sy s te m s ,  and
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s u l f u r  o r  o t h e r  e l e c t r o n e g a t i v e  g roups h a v in g  a t  l e a s t  one u n s h a red  
e l e c t r o n  p a i r . 35 The s t r e n g t h s  o f  t h e s e  bonds have b een  e s t im a te d  to  
b e  about 5 t o  10 k c a l / m o l e , 75 and in  some c a s e s  much h i g h e r  e s t i m a t e s  
have been made.
I n t r a m o l e c u la r  p h e n o l ic  hyd rogen  bonds u s u a l l y  f a l l  i n t o  two 
d i s t i n c t  c a t e g o r i e s : 76 ( l )  th o s e  i n  w hich th e  h y d ro x y l  hydrogen  i s  
w eakly  a s s o c i a t e d  w i th  th e  o r th o  s u b s t i t u e n t ,  most p ro b a b ly  th ro u g h  d i -  
p o l a r  i n t e r a c t i o n s ;  j L . e . , w i th  th e  h a lo g e n s  o r  w i th  TT e l e c t r o n  sy s te m s ;  
and ( 2 ) th o s e  i n  w hich th e  hyd rogen  bond i s  re so n an c e  s t a b i l i z e d ,  r e ­
s u l t i n g  i n  a p a r t i c u l a r l y  s t r o n g  b o nd , u s u a l l y  te rm ed a c h e l a t e  com­
p l e x .  Of p a r t i c u l a r  im p o r tan ce  a r e  th e  i n t r a m o le c u la r  hydrogen  bonds 
o f  o - s u b s t i t u t e d  p h e n o ls  w i th  s u b s t i t u e n t s  c o n ta i n in g  c a rb o n y l  o r  n i t r o  
g ro u p s . 77 These s u b s t i t u e n t s  g iv e  e x c e p t i o n a l l y  s t r o n g  in t r a m o l e c u l a r  
hydrogen  b o nds .
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X I. I n t r a m o l e c u la r  Hydrogen Bonding o f  ^ - S u b s t i t u t e d  P h en o ls  in  DMSO:
£ - H ydroxyacetophenone and £ - N i t r o p h e n o l :
S tro n g  i n t r a m o le c u la r  hydrogen  bonding  betw een th e  h y d ro x y l  
and t h e  s u b s t i t u e n t  i n  some £ - s u b s t i t u t e d  p h en o ls  has  been  r e c o g n iz e d  
f o r  q u i t e  some t im e . 78 P a u l in g 79 l i s t s  t h r e e  £ - s u b s t i t u t e d  p h en o ls  
w hich form s t r o n g  i n t r a m o l e c u l a r  hydrogen  bonds ( c h e l a t e s )  as e v id en ced  
by th e  absence  o f  s t r o n g  h y d ro x y l  a b s o r p t io n s  i n  t h e  4 ,000  cm' 1 r e g io n  
o f  t h e  i n f r a r e d :  £ - n i t r o p h e n o l , £ -h y d ro x y ac e to p h en o n e ,  and s a l i c y l a l d e -
h y d e . N y q u is t80 has  su g g e s te d  t h a t  t h e s e  hyd rogen  bonds owe t h e i r  
s t r e n g t h  to  t h r e e  f a c t o r s :  ( l )  t h e  h ig h  b a s i c i t y  o f  th e  o r th o  g ro u p ,
( 2 ) t h e  s t e r i c a l l y  f a v o r a b le  six-m em bered c h e l a t e  r i n g ,  and ( 3 ) c o n t r i ­
b u t io n s  o f  r e s o n a n c e ;  e . j * . , as i n  1̂ , 2 , and ^  be low
IV+ 0
1 2  3
£ -N i t r o p h e n o l s  were c o n s id e re d  t o  e x h i b i t  b o th  s t e r i c  and e l e c t r o n i c  • 
e f f e c t s  ( i n  t h e  p l a n a r  c o n fo rm a t io n ) .
H u n sb e rg e r81 n o te d  th e  fo l lo w in g  sequence  o f  i n t r a m o l e c u l a r  
hydrogen  bond s t r e n g t h s  in v o lv in g  th e  3- s u b s t i t u e n t  in  some 3 - s u b s t i t u t e d -  
2 -n a p h th o ls :  C0CH3 »  CHO > C02CH3 «
I
R =  H.Me.OMe
S i m i l a r l y ,  P o r t e ,  Gutowsky, and H u n s b e r g e r ,8S s tu d y in g  th e  h y d ro x y l
ch em ica l  s h i f t  o f  o - s u b s t i t u t e d  p h e n o ls  i n  CC14 s o l u t i o n ,  found t h e
same seq u en ce  i n  A6_„ v a l u e s .  T hese  a u t h o r s  s t a t e ,  ’’The A6 o f  t h eUii
hydroxy  k e to n e  s e r i e s  i s  a lways g r e a t e r  t h a n  A6 i n  t h e  hydroxy a ld eh y d e  
s e r i e s  as sh o u ld  be  e x p e c te d  s i n c e  th e  CH3 group d o n a te s  e l e c t r o n s  to  
t h e  c a rb o n y l  g ro u p . 1,82 In  a  s i m i l a r  s tu d y  o f  th e  i n t r a m o l e c u l a r  h y d ro ­
gen bonds o f  o -h y d ro x y a c e to -  and -b e n z c p h e n o n e s , C u l l i n a n e ,  W oolhouse, 
and B ailey-W ood83 fo u n d  from t h e  r e l a t i v e  s h i f t  i n  t h e  c a rb o n y l  i n f r a ­
re d  a b s o r p t i o n  t h a t  t h e  s t r e n g t h  o f  th e  c h e l a t e  bond in  £ - h y d r o x y a c e to ­
phenone f a r  exceeds  t h a t  in  t h e  _ o - s u b s t i t u t e d  benzophenone .
One o f  t h e  m ost s u r p r i s i n g  and i n t e r e s t i n g  a s p e c t s  o f  t h e  work
r e p o r t e d  i n  t h i s  D i s s e r t a t i o n  i s  t h e  d e v i a t i o n  o f  t h e  A5q v a l u e  f o r  th e
o - a c e t y l  s u b s t i t u e n t  from  th e  l i n e a r  c o r r e l a t i o n  o f  A5 w i th  AS (S ec -  — o p
t i o n  IV ). o -H ydroxyace tophenone  e x h i b i t s  an  e x t re m e ly  l a r g e  A5Q v a lu e  
o f  2 . . jk  (8  = 1 1 .9 7  PPm) • T h is  s h i f t  i s  so  f a r  d o w n f ie ld  as t o  s u rp a s s  
t h e  s t r o n g l y  a c i d i c  js -cy an o p h en o l  (ASq = 1 .7^0  by 1 .0 0  ppm. T h is  ob­
s e r v a t i o n  i s  even more s u r p r i s i n g  s in c e  j> -hydroxyace tophenone  (AS^ =
I . 0 5 ) c o r r e l a t e s  n o rm a l ly  w ith  0^0 C l e a r l y  th e  o - a c e t y l  group i n t e r a c t s  
w i th  th e  p h e n o l i c  h y d ro x y l  in  a  d i f f e r e n t  m anner from  th e  o t h e r  o r th o  
s u b s t i t u e n t s .
T h is  anomaly i s  e a s i l y  e x p la in e d  by th e  o b s e r v a t i o n  t h a t  £ -  
h y d ro x y ace to p h en o n e  i n  CC14 h as  a  c h em ica l  s h i f t  p o s i t i o n  (6  = 1 2 .0 3  
ppm) 84 a lm o s t  i d e n t i c a l  t o  t h a t  i n  DMSO. I t  i s  t h e r e f o r e  a p p a r e n t  
t h a t  t h e  i n t r a m o l e c u l a r  hydrogen  bond i n  t h i s  compound i s  so  s t r o n g  as 
to  c o m p le te ly  overcome any te n d en c y  o f  t h e  m o le c u le  t o  hydrogen  bond 
to  DMSO.
S in ce  pheno l i t s e l f  forms an i n t e r m o l e c u l a r  hydrogen  bond o f  6 „5 h e a l /  
mole a t  30o7° 73 i n  d i l u t e  DMSO s o l u t i o n s ,  th e  a c e t y l  group as  an 
e l e c t r o n - w i th d r a w in g  s u b s t i t u e n t  sh o u ld  t h e o r e t i c a l l y  i n c r e a s e  th e  
a c i d i t y  o f  p h e n o l ,  th e re b y  in c r e a s i n g  t h e  s t r e n g t h  o f  t h i s  i n t e r m o l e c u l a r  
hydrogen  bond. S in c e  £ - h y d roxyace tophenone  does n o t  form an  in te r m o le ­
c u l a r  hydrogen  bond w i th  DMSO, t h e  c o n c lu s io n  i s  c l e a r  t h a t  th e  i n t r a ­
m o le c u la r  hydrogen  bond i n  t h i s  compound must have  a s t r e n g t h  o f  a t  
l e a s t  6.5 k c a l / m o le ,  and i t  i s  p ro b a b ly  much h i g h e r .  The f a c t  t h a t  th e  
s t r e n g t h  o f  th e  i n t r a m o le c u la r  hydrogen  bond f o r  t h e  a c e ty l - h y d r o x y l  
m o ie ty  i s  much g r e a t e r  th a n  f o r  any o t h e r  o r th o  s u b s t i t u e n t  i s  c o n s i s -  
t e n t  w i th  t h e  r e s e a r c h  o f  o th e r  w orkers  ( v id e  s u p r a ) .  I t  i s  i n t e r e s t i n g  
t o  n o te  t h a t  o t h e r  o r th o  s u b s t i t u e n t s  do n o t  h yd rogen  bond in t r a m o le c u -  
l a r l y  t o  any e x t e n t  w i th  th e  p h e n o l ic  h y d ro x y l  i n  DMSO s o l u t i o n s ,  as
e v id en ced  by th e  s t r i c t  a d h e ren c e  to  th e  AS v s .  AS p l o t  by th e  f o l -o —  p
low ing s u b s t i t u e n t s :  CHO, COC6H5 , CO^Me, CO^H2CeH5 , and CONHC6H5 .
o-H ydroxyacetophenone o f f e r s  an i n t e r e s t i n g  model f o r  th e  
s tu d y  o f  s u b s t i t u e n t  e f f e c t s  i n  t h e  ab sen ce  o f  s t e r i c ,  s o l v e n t ,  and 
o th e r  e f f e c t s ,  s i n c e  t h e  i n t r a m o le c u la r  hydrogen  bond f o r c e s  t h e  h y d ro x y l  
i n t o  t h e  s t e r i c a l l y  u n h in d e re d  t r a n s - c o n f i g u r a t i o n  w ith  r e s p e c t  to  t h e  
o r th o  s u b s t i t u e n t .  T h is  m o le c u le  o f f e r s  an unambiguous model f o r  a 
s tu d y  o f  th e  e l e c t r o n i c  e f f e c t s  from o r th o  s u b s t i t u e n t s  and ap p ea rs  t o
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be s u p e r i o r  even  to  t h e  phenol-DMSO sy s te m . The nmr s p e c t r a  f o r  3" 
s u b s t i t u t e d - 2- h y d ro x y ac e to p h e n o n e s  a r e  e x p e c te d  t o  b e  in d e p e n d e n t  o f  
t h e  s o l v e n t  i n  w hich  t h e  s t u d i e s  were  made.
Y osh ida  and H a r u ta 85 have  made an i n i t i a l  s tu d y  o f  5- s u b s t i t u t e d -  
2-h y d ro x y ac e to p h en o n e s  by i n f r a r e d  and nmr te c h n iq u e s  and h a v e  fo u n d  a 
l i n e a r  r e l a t i o n s h i p  be tw een  t h e  AVqjj and C(c>p ” ® ® ) ]  v a l u e s ,
w hich i s  p u r p o r t e d  t o  be a  m easu re  o f  t h e  re s o n a n c e  e f f e c t s  o f  t h e  5“
s u b s t i t u e n t  upon t h e  a c e t y l  and h y d ro x y l  g ro u p s .
A no ther d e v i a t i o n  from  th e  AS v s .  AS p l o t  i s  o b s e rv e d  w i tho —  p
th e  o-N02 g ro u p .  The h y d ro x y l  ch em ica l  s h i f t  from o - n i t r o p h e n o l  i s  
e x t re m e ly  d i f f i c u l t  t o  m easu re  due t o  f a s t  exchange o f  t h e  h y d ro x y l  
p r o to n  w i th  DMSO a t  1|0°. F u r th e r m o re ,  s i n c e  t h e  d e v i a t i o n  from  t h e  
p l o t  i s  s i g n i f i c a n t l y  i n  t h e  d i r e c t i o n  o f  a w eaker a c i d  f o r  t h e  <j- 
n i t r o p h e n o l  r e l a t i v e  t o  t h e  p - n i t r o p h e n o l , t h i s  d i s c r e p a n c y  m ust b e  a s s o ­
c i a t e d  w i th  d im in is h e d  i n t e r m o l e c u l a r  h yd rogen  bon d in g  due to  t h e  c h e l a ­
t i o n  e f f e c t .  I n  e f f e c t ,  t h e r e  i s  a  c o m p e t i t i o n  be tw een  t h e  DMSO s o l v e n t  
and t h e  N02 g roup  t o  h y d ro g e n  bond w i th  t h e  h y d ro x y l .
I n  £ - n i t r o a n i l i n e  such  a c o m p e t i t io n  i s  o b s e r v e d ,  and th e  
i n t r a m o l e c u l a r  h y d ro g en  bond betw een t h e  N02 g roup  and t h e  NH2 g roup  
c a u s e s  t h e  r o t a t i o n  o f  b o th  o f  t h e s e  s u b s t i t u e n t s  o u t  o f  t h e  p l a n e  o f  
t h e  b en zen e  r i n g .  In  £ - n i t r o p h e n o l , h o w ev er ,  t h e  i n t r a m o l e c u l a r  h y d ro g en  
bond can  assume c o m p le te  l i n e a r i t y  w i th o u t  f o r c i n g  e i t h e r  o f  t h e  g roups  
o u t  o f  t h e  p la n e  o f  t h e  a ro m a t ic  n u c l e u s .  T h e r e f o r e ,  t h e  e f f e c t s  o f  
t h e  n o n - p l a n a r i t y  a r e  a b s e n t ,  and t h e  c h e m ic a l  s h i f t  o f  t h e  h y d ro x y l  i s  
d e te rm in e d  by t h e  e l e c t r o n i c  e f f e c t s  o f  c h e l a t i o n  a lo n e .
The c o n c lu s io n s  c o n c e rn in g  th e  i n t r a m o l e c u l a r  hy d ro g en  bond ing  
f o r  o -h y d roxyace tophenone  and th e  i n t r a -  v s .  i n t e r m o le c u la r  c o m p e t i t io n  
f o r  _ o -n it ro p h en o l in  DMSO seem to  be s u b s t a n t i a t e d  by ch an g in g  t h e  s o l ­
v e n t  to  HMPA. The d a t a  o f  D i e t r i c h ,  N ash , and K e l l e r 50 i n d i c a t e  t h a t  
th e s e  two p h en o ls  a c t  n o rm a lly  i n  t h i s  s o lv e n t  sy s tem ; _i._e., 07 
n i t r o p h e n o l  ab so rb s  f u r t h e r  do w n fie ld  th a n  does j> -n i t ro p h e n o l  ( 1 2 .9  and
11 .1  ppm, r e s p e c t i v e l y )  and jo -hydroxyace tophenone  a b so rb s  f u r t h e r  down­
f i e l d  th a n  does £ -h y d ro x y ace to p h en o n e  (1 1 .8 8  and 1 1 .53  PPm> r e s p e c t i v e l y ) .  
F u r th e rm o re ,  th e  n i t r o  s u b s t i t u e n t  c au se s  a hy d ro x y l c h em ica l  s h i f t  
f u r t h e r  d o w n f ie ld  th a n  th e  a c e t y l  s u b s t i t u e n t  f o r  b o th  o r th o  and p a r a  
s u b s t i t u t i o n .  T h is  o r d e r  o f  chem ica l s h i f t s  i s  c o n s i s t e n t  w i th  t h e
Hammett a  c o n s t a n t s  o f  1.2h  and 0.87^- f o r  th e  p-N02 and -G0CH3 sub -
P -
s t i t u e n t s ,  r e s p e c t i v e l y .  I t  i s  c l e a r  th e n  t h a t  HMPA forms a  much s t r o n g e r  
i n t e r m o le c u la r  hyd rogen  bond t o  phenol th a n  does DMSO, and t h i s  bond 
c o m p le te ly  overshadows c h e l a t i o n  i n  £ - a c e t y l  o r  £ - n i t r o  s u b s t i t u t e d  
p h e n o ls .
X II .  A d d i t i v i t y ' o f  S u b s t i t u e n t  E f f e c t s :
F o r  many y e a r s  i t  has  been  a c c e p te d  p r a c t i c e  to  c o n s id e r  th e  
e l e c t r o n i c  e f f e c t s  from s u b s t i t u e n t s  as a d d i t i v e  q u a n t i t i e s . 2 *32  T hus, 
f o r  p o l y - s u b s t i t u t e d  benzene  d e r i v a t i v e s  th e  Hammett e q u a t io n  ta k e s  t h e  
form
lo g  k / k Q = pEcr ( 4 l )
The t h e o r e t i c a l  a s p e c t s  o f  t h i s  e q u a t io n  have  been  d i s c u s s e d  by T a f t , 13 
and many examples o f  good c o r r e l a t i o n s  o f  s t r u c t u r e - r e a c t i v i t y  d a ta  
have been  c i t e d  i n  r e c e n t  r e v i e w s .2" 6 Watson86 s t a t e s  th e  p r i n c i p l e  o f  
a d d i t i v i t y  i n  th e  f o l lo w in g  manner: "Groups c o n t r i b u t e  in d e p e n d e n t ly
and a d d i t i v e l y  t o  t h e  en e rg y  o f  a c t i v a t i o n  w hich may t h e r e f o r e  be r e p r e ­
s e n te d  as  t h e  sum o f  th e  s e r i e s  o f  t e r m s . "
The q u e s t i o n  sh o u ld  be a sk ed  w he ther  th e  a d d i t i v i t y  p r i n c i p l e  
a p p l i e s  t o  th e  r e a c t i v i t y  o f  p o l y s u b s t i t u t e d  benzene  d e r i v a t i v e s  con­
t a i n i n g  o r th o  s u b s t i t u e n t s .  I f  a t o t a l  a d d i t i v i t y  c o n ce p t  i s  t o  be ap­
p l i c a b l e ,  two r e s t r i c t i o n s  m ust be  p la c e d  upon th e  above e q u a t io n  (4 1 ) : 90
( l )  th e  p re s e n c e  o f  m u l t i p l e  s u b s t i t u t i o n  m ust n o t  change th e  mechanism 
o f  th e  r e a c t i o n ,  and (2 )  a d d i t i v i t y  i s  v a l i d  on ly  f o r  th o s e  s u b s t i t u e n t s  
which do n o t  i n t e r a c t  w i th  o t h e r  p a r t s  o f  th e  m o le c u le .  T h is  l a s t  r e ­
s t r i c t i o n  a p p l i e s  t o  o r th o  p ro x im i ty  i n t e r a c t i o n s  and i s  e x tre m e ly  d i f ­
f i c u l t  t o  a c h ie v e  in  p r a c t i c e ,  s in c e  t h e r e  a r e  on ly  two m o n o s u b s t i tu t e d ,  
one d i s u b s t i t u t e d ,  and no t r i - , t e t r a - , o r  p e n t a - s u b s t i t u t e d  p a t t e r n s  
which do n o t  e x h i b i t  o r th o  i n t e r a c t i o n s  o f  some ty p e .  J a f f ^  s t a t e s  t h a t  
i f  t h e  rho  v a lu e  f o r  o r th o -  , m e ta - ,  and p a r a - s u b s t i t u t e d  b en zen e  d e r i ­
v a t i v e s  i s  th e  same, t h e  a d d i t i v i t y  o f  meta and p a ra  s u b s t i t u e n t  con­
s t a n t s  s h o u ld ,  In  p r i n c i p l e ,  be  a p p l i c a b l e  to  o r th o  ones as w e l l .
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U n fo r tu n a te ly ,  o r th o  s u b s t i t u e n t s  u s u a l l y  v i o l a t e  one o r  th e  o t h e r  o f  
th e  above r e s t r i c t i o n s  th ro u g h  s t e r i c  o r  f i e l d  e f f e c t s .  I n  t h e  ab sen ce  
o f  t h e s e  e f f e c t s ,  how ever, t h e  a d d i t i v i t y  p r i n c i p l e  sh o u ld  h o ld  r i g o ­
r o u s l y .  Most e v id e n c e  f o r  t h i s  id e a  comes from s p e c t r a l  m easu rem en ts .
A d d i t i v i t y  o f  o r t h o ,  m e ta ,  and p a r a  s u b s t i t u e n t  e f f e c t s  h a s  
been ob se rv ed  i n  a few c a s e s .  A c o r r e l a t i o n  o f  th e  m ag n e t ic  s h i e l d i n g  
p a ra m e te r  o f  t h e , l9 F n u c le u s  i n  s u b s t i t u t e d  f lu o ro b e n z e n e s  w i t h  m eta  
and p a r a  sigma c o n s t a n t s  r e v e a le d  t h a t  i n  many c a s e s  th e  8 ' s  f o r  p o ly ­
s u b s t i t u t e d  f lu o ro b e n z e n e s  were d e s c r ib e d  by th e  a d d i t i v e  c o n t r i b u t i o n s  
from t h e  5 's  o f  t h e  c o r r e s p o n d in g  o r t h o - , m e t a - , and p a r a - s u b s t i t u t e d  
compounds.89 Many c a se s  o f  a d d i t i v i t y  i n  compounds w i th  a d j a c e n t  sub­
s t i t u t i o n  were a l s o  f o u n d .89
Bray and B a r n e s ,27 s tu d y in g  th e  35C1 q u ad ru p o le  re s o n a n c e  
f r e q u e n c ie s  o f  s u b s t i t u t e d  c h lo r o b e n z e n e s , s i m i l a r l y  found t h a t  s t e r i c  
f a c t o r s  which u s u a l l y  cau se  f a i l u r e  of. t h e  Hammett r e l a t i o n  f o r  o r th o  
s u b s t i t u e n t s  d id  n o t  i n f l u e n c e  th e  e l e c t r o n  d i s t r i b u t i o n  a t  t h e  a d j a c e n t  
C-Cl bond on o - s u b s t i t u t e d  compounds. A d d i t iv e  f r e q u e n c i e s  a s s o c i a t e d  
w ith  o r t h o ,  m e ta ,  and p a r a  s u b s t i t u t i o n  w ere  t h e r e f o r e  s u g g e s te d  f o r  
t h i s  sy stem .
In  an i n t e r e s t i n g  r e c e n t  r e p o r t ,  Baker and S h u lg in 27 found 
t h a t  t h e  f r eq u e n cy  s h i f t  f o r  hydrogen-bonded  S c h i f f  b a se s  p r o v id e s  an 
e x c e l l e n t  system  f o r  s tu d y in g  t h e  a d d i t i v i t y  o f  p o l a r  e f f e c t s .  For 
exam ple, th e s e  a u th o r s  o b se rv ed  t h a t  2- and k- s u b s t i t u e n t s  c o n t r i b u t e d  
a d d i t i v e l y  to  t h e  chem ica l s h i f t  o f  th e  i n t r a m o l e c u l a r l y  h y d ro g en -  
bonded hyd roxy l i n  th e  p o l y - s u b s t i t u t e d  b a s e s .
W hile t h e  p r i n c i p l e  o f  a d d i t i v i t y  m igh t be  th o u g h t  t o  b e  an 
u n d is p u te d  t e n e t ,  t h e  mechanism f o r  summation o f  s u b s t i t u e n t  g roup  i n ­
f lu e n c e s  i s  n o t  th o ro u g h ly  u n d e r s to o d ,  n o r  i s  t h e  p r a c t i c e  c o m p le te ly  
a c c e p te d .  For exam ple , S to n e  and P e a r s o n 87 s t u d i e d  t h e  d i s s o c i a t i o n  
o f  t r i - s u b s t i t u t e d  b e n z o ic  a c id s  by p o t e n t i o m e t r i c  t i t r a t i o n  and con­
c lu d e d  from t h e i r  and p re v io u s  d a t a  t h a t  s t r i c t  a d d i t i v i t y  i s  n o t  ob­
s e r v e d  in  t h e  e l e c t r o n i c  e f f e c t s  from th e  s u b s t i t u e n t s .  However, 
w i t h i n  th e  a c c u ra cy  u s u a l l y  a cco rd ed  to  t h e  Hammett e q u a t i o n ,  t h e s e  
a u th o r s  1 d a t a  do n o t  a p p ea r  t o  be i n  s e r io u s  c o n f l i c t  w i th  t h e  a d d i ­
t i v i t y  p r i n c i p l e .
More damaging to  t h e  p o s t u l a t e  o f  a d d i t i v i t y  i s  th e  h i g h l y  
a c c u r a t e  s tu d y  o f  Dippy and H ughes .88 These i n v e s t i g a t o r s  c o l l e c t e d  
d a t a  f o r  th e  d i s s o c i a t i o n  c o n s t a n t s  o f  p o l y - s u b s t i t u t e d  b e n z o ic  a c id s  
and e v a lu a te d  t h i s  in f o r m a t io n  in  te rm s o f  t h e  e f f e c t s  o f  m u l t i p l e  sub­
s t i t u t i o n ;  l i t t l e  e v id e n c e  f o r  a d d i t i v e  e l e c t r o n i c  c o n t r i b u t i o n s  were 
found  f o r  any o f  t h e s e  a c i d s .  Dippy s t a t e s ,  " I n  c o n c lu s io n ,  i t  must 
b e  s a id  t h a t  th e  d a t a  rev iew ed  h e r e  f a i l  t o  g iv e  u n e q u iv o ca l  s u p p o r t  
t o  t h e  s u g g e s t io n  t h a t  t h e  c u m u la t iv e  e f f e c t  o f  s u b s t i t u e n t s  i n  t h e  
ben zen e  r i n g  i s  s im p ly  a d d i t i v e ,  i n  t h e  ab sen ce  o f  su p p lem en ta ry  s t e r i c  
and mesomeric i n t e r a c t i o n s . " 88 S in c e  t h e  5 , 5 - d i s u b s t i t u t e d  b e n z o ic  
a c i d s  a r e  t h e  o n ly  exam ples o f  d i s v i b s t i t u t i o n  i n  which o r th o  s t e r i c  
i n t e r a c t i o n s  o f  some ty p e  do n o t  e x i s t ,  th e  f a i l u r e  o f  t h i s  c l a s s  o f
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compounds to  e x h i b i t  a d d i t i v e  s u b s t i t u e n t  i n f l u e n c e s  i s  e s p e c i a l l y  
damaging t o  t h i s  p r i n c i p l e *
The co n ce p t  o f  s u b s t i t u e n t  e f f e c t  a d d i t i v i t y  i s  c l o s e l y  a l ­
l i e d  to  t h e  i n v e s t i g a t i o n  o f  s u b s t i t u e n t  e f f e c t s  th e m se lv e s  and i s  a  
l o g i c a l  e x te n s io n  o f  t h e  work p r e s e n te d  in  t h i s  D i s s e r t a t i o n .  Very 
o f t e n  th e  u s e  o f  s u b s t i t u e n t  c o n s t a n t s  d e r iv e d  from t h e  a d d i t i v e  con­
t r i b u t i o n s  o f  t h e  m o n o - s u b s t i tu te d  compounds a r e  u se d  i n  p r e f e r e n c e  to  
th e  e x p e r im e n ta l ly  d e r iv e d  o n e s ,  m easured  d i r e c t l y  from  th e  p o ly ­
s u b s t i t u t e d  compounds. F o r  exam ple, Lynch, in  c o r r e l a t i n g
t h e i r  ch em ica l  s h i f t  d a t a  f o r  th e  amino p r o to n  o f  s u b s t i t u t e d  a n i l i n e s  
i n  DMSO, u sed  th e  2 a  v a lu e s  f o r  t h e  p ro p e r  s u b s t i t u t i o n  p a t t e r n  i n  
l i e u  o f  t h e  e x p e r im e n ta l ly  d e r iv e d  o n e s .  However, t h i s  a u th o r  p r e f e r s  
to  t a k e  th e  o p p o s i t e  ap p ro ach  and h a s  p u rp o s e ly  o m i t te d  from c o n s id e r a ­
t i o n  a l l  p o l y - s u b s t i t u t e d  p h en o ls  i n  th e  p r e s e n t  r e s e a r c h  c o n c e rn in g  
o r t h o ,  m e ta ,  and p a r a  s u b s t i t u e n t  c o n s t a n t s  up u n t i l  t h i s  p o i n t .
I n  v iew  o f  th e  p r e v io u s ly  m en tioned  c o n t r o v e r s y  c o n c e rn in g  
t h e  a d d i t i v i t y  p r i n c i p l e ,  t h e  d e c i s i o n  was made to  i n v e s t i g a t e  t h i s  
phenomenon i n  th e  p r e s e n t  system . The c h em ica l  s h i f t s  o f  s e v e r a l  p o ly ­
s u b s t i t u t e d  p h en o ls  were s tu d ie d  i n  DMSO, and th e  r e s u l t s  a r e  shown in  
T a b le  V I. From th e  d a t a  i n  t h i s  t a b l e  (and e x c lu d in g  2 ,6 -d im e th y lp h e n o l  
f o r  th e  p r e s e n t ) ,  t h e  r e l a t i v e  c h em ica l  s h i f t s  f o r  t h e  d im e th y l  
p h en o ls  can  be shown t o  p a r a l l e l  q u a l i t a t i v e l y  th o s e  AS v a lu e s  c a l c u l a t e d  
from th e  a d d i t i v e  c o n t r i b u t i o n s  from  th e  o r t h o -  , m e ta - , and p a r a -  
s u b s t i t u t e d  p h e n o ls ;  b o th  s e r i e s  y i e l d  th e  same o r d e r  o f  s u b s t i t u e n t  
i n t e r a c t i o n s  as  m easured  by th e  AS v a lu e s :  H - > 3 , 6 - > 2 j5-*>3
U n f o r t u n a t e ly ,  q u a n t i t a t i v e  a d d i t i v i t y  i s  n o t  o b se rv ed  as can  be seen  by 
com paring th e  e x p e r im e n ta l  and c a l c u l a t e d  AS v a l u e s .
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TABLE VI
RELATIVE CHEMICAL SHIFT VALUES FOR 
POLY-SUBSTITUTED PHENOLS IN DMSO
S u b s t i t u t i o n  8 ,ppm. A5 o b s .  A5 c a l c .
H 9-2 3 0 .0 0 0 .0 0
2 ,3 -d i -M e 8 .9 6 - 0 .2 7 - 0 .2 1
2 ,4 -d i-M e 8 .8 3 - o .4 o - 0 .3 3
2 ,5 -d i -M e 8 .9 4 - 0 .2 9 - 0 .2 1
3 s4-d i-M e 8 .8 4 - 0 .3 9  . - 0 .2 8
3 ,5 -d i -M e 8 .9 8 - 0 .2 5 - 0 .1 6
2 , 6-d i-M e 8 .0 3 - 1 .2 0 - 0 .2 6
2 ,6-d i-O M e 8 .1 2 - l . l l - 0 .9 4
2-OMe, 4 - A l ly I 8 .3 6 - 0 .6 7 - 0 .6 7
2-0Me, 4 -P ro p e n y l 8 .8 3 - 0 .4 0
2 , 4 - d i - C l 1 0 .1 2 0 .8 9 1 .1 4
2 j4 -d i -N 0 2 9 .b8 0 .2 5 3 -3
3-Me, 4 - i s o p r o p y l 8 .9 6 - 0 .2 7 - 0 .3 1
2-CHO, 4-N02 1 0 .3 6 1 .1 3 3*2
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A nother i n t e r e s t i n g  p o i n t  shown by t h e s e  compounds i s  th e  
f a c t  t h a t  th e  r e l a t i v e  ch em ica l s h i f t s  f o r  t h e  2 ,3“ and 2 , 5“ d im e th y l -  
p h e n o ls  a re  t h e  same w i t h i n  e x p e r im e n ta l  e r r o r .  T h is  co m p ar iso n  i n d i ­
c a t e s  t h a t  t h e  " b u t t r e s s i n g  e f f e c t "  o b se rv ed  i n  many c a s e s  o f  2 , 3 “ 
s u b s t i t u t i o n  i s  n o t  p r e s e n t  in  t h i s  sy s tem , and t h a t  2 , 3 “ and  2 , 5" 
s u b s t i t u e n t  i n t e r a c t i o n s  a r e  t h e  same.
On the . w ho le , t h e  d a t a  re c o rd e d  i n  T ab le  V i l l u s t r a t e  t h a t  
t h e  r e l a t i v e  ch em ica l s h i f t s  f o r  th e  h y d ro x y l  p r o to n  i n  p o ly -m e th y l  
s u b s t i t u t e d  p h e n o ls  a r e  i n d i c a t i v e  o f  a d d i t i v e  c o n t r i b u t i o n s  from  th e  
c o r re s p o n d in g  o r t h o ,  m e ta ,  and p a r a  i s o m e rs ,  b u t  t h a t '  f o r  m ore  p o l a r  
s u b s t i t u e n t s ,  t h i s  r e l a t i o n s h i p  i s  n o t  a t  a l l  a p p l i c a b l e .
2 , 6-D im eth y lp h en o l a c t s  as i t  does i n  many s y s te m s ;  _i.e> , 
t h e  s t e r i c a l l y - h i n d e r e d  h y d ro x y l  no lo n g e r  r e f l e c t s  th e  e f f e c t s  o f  ex­
te n d e d  c o n ju g a t io n  w i th  t h e  a ro m a tic  r i n g ,  and th e  6 v a lu e  f o r  t h i s  
compound i s  more th a n  100 Hz u p f i e l d  from th e  a b s o r p t io n  o f  p h en o l  
i t s e l f .  A s u r p r i s i n g  o b s e r v a t io n  i s  made i n  t h e  h y d ro x y l a b s o r p t i o n  
o f  2 ,6 -d im e th o x y p h e n o l . I f  t h e  e l e c t r o n  d o n a t in g  p r o p e r t i e s  o f  th e  
m ethoxyl group a r e  c o n s id e r e d ,  t h e  h y d ro x y l c h em ica l  s h i f t  o f  t h e  2 , 6-  
d i s u b s t i t u t e d  compound sh o u ld  r e f l e c t  t h e  l o s s  o f  r e so n a n c e  i n t e r a c t i o n  
w i th  t h e  benzene  r i n g  i n  much th e  same manner as  2 , 6- d im e th y lp h e n o l ,  
as w e l l  as d e m o n s t ra te  t h e  in c r e a s e d  e l e c t r o n  d e n s i t y  e n su in g  from t h e  
two o r th o  g ro u p s .  The ch em ica l  s h i f t  f o r  t h e  h y d ro x y l p r o to n  o f  2 ,6 -  
d im ethoxypheno l i n  DMSO i s  o b se rv ed  to  be  d o w n f ie ld  ( i n d i c a t i v e  o f  l e s s  
e l e c t r o n  d o n a t io n )  from 2 ,6 -d im e th y lp h e n o l .  The e x p la n a t io n ,  o f  t h i s  
o b s e r v a t io n  sh o u ld  a w a it  th e  i n v e s t i g a t i o n  o f  o t h e r  2 , 6- d i s u b s t i t u t e d  
p h e n o ls .
X III. Summary:
The work d e s c r ib e d  in  t h i s  D i s s e r t a t i o n  has b e e n  p r i m a r i l y  
d i r e c t e d  tow ard  th e  d e s c r i p t i o n  o f  t h e  e l e c t r o n i c  e f f e c t s  from o r t h o  
s u b s t i t u e n t s  i n  th e  a b se n c e  o f  o r tL o  i n t e r a c t i o n s  such a s  s t e r i c  and  
f i e l d  e f f e c t s .  Th is  g o a l ,  in  th e  a u t h o r ' s  o p in io n ,  h a s  b e e n  s u c c e s s ­
f u l l y  ach iev ed  th ro u g h  t h e  re m a rk a b le  p r o p e r t i e s  of th e  phenol-DMSO 
sy s tem  and t h e  read y  a v a i l a b i l i t y  o f  th e  compounds n e c e s s a r y  f o r  t h i s  
r e s e a r c h .  Some im p o r ta n t  c o n c lu s io n s  fo l lo w  from  the  d a t a  p r e s e n t e d  
in  t h e  p re v io u s  p ag es .
The r e l a t i v e  ch em ica l s h i f t s  of t h e  hydroxyl p r o t o n  o f  m e ta -  
and p a r a - s u b s t i t u t e d  p h e n o ls  in  DMSO i n d i c a t e  t h a t  ( l )  t h e  ch em ica l  
s h i f t  p a ra m e te r  (AS) i s  an a c c u r a te  and e a s i l y  o b ta in e d  m easure  o f  
Hammett o’ c o n s t a n t s .  T h is  p a ra m e te r  a l s o  r e f l e c t s  th e  c o m p o s i te  i n ­
d u c t i v e  and re so n a n c e  in f l u e n c e s  from  th e  s u b s t i t u e n t ,  ( 2 )  new s u b s t i ­
t u e n t  c o n s t a n t s  can be d e te rm in e d  w i th  c o n f id e n c e ,  s i n c e  t h e  i n t e r ­
m o le c u la r  hy d ro g en  bond r e f l e c t s  t h e  e l e c t r o n i c  in f l u e n c e  o f  th e  s u b ­
s t i t u e n t .  S u b s t i t u e n t s  which a l s o  hyd ro g en -b o n d  i n t e r m o l e c u l a r l y  w i th  
DMSO may n o t  n e c e s s a r i l y  r e f l e c t  t h e  e l e c t r o n i c  e f f e c t s  o f  th e  u n s o l ­
v a te d  groups th ro u g h  t h e  AS p a r a m e te r ,  bu t t h e  m easurem ents  a r e  n e v e r ­
t h e l e s s  v a l u a b l e  fo r  com paring th e  e l e c t r o n i c  e f f e c t s  f r o m  o r th o  a n d  
p a r a  s u b s t i t u e n t s  (v id e  i n f r a ) .  (3 ) pm i s  s l i g h t l y  d i f f e r e n t  from p ^ ,  
b u t  th e  d i f f e r e n c e  betw een th e  two i s  n o t  s i g n i f i c a n t  enough  to  w a r r a n t  
t h e  u t i l i z a t i o n  o f  s e p a r a t e  p v a lu e s  in  c o r r e l a t i n g  th e  nmr s p e c t r a l  
d a t a .
The r e l a t i v e  chem ica l s h i f t s  of o r t h o - s u b s t i t u t e d  p h e n o ls  i n  
DMSO d e m o n s t ra te  s e v e r a l  im p o r ta n t  p o in t s  c o n ce rn in g  t h e  e l e c t r o n i c  n a ­
t u r e  o f  o r th o  s u b s t i t u e n t s :
(1) S t e r i c  e f f e c t s  in  o r t h o - s u b s t i t u t e d  p h e n o ls  a r e  m inim al 
in  t h i s  system , and only  i n  a few c a s e s  (,i._e. , phenyl o r  _ t -b u ty l )  a re  
th e y  a t  a l l  a p p a r e n t .  The A6q v e r s u s  A8^ c o r r e l a t i o n  shows t h a t  th e s e  
d e v i a t i o n s  a r e  t r u l y  m in o r ,  s in c e  a  p r e c i s e l y  l i n e a r  c o r r e l a t i o n  ob­
t a i n e d  in  s p i t e  o f  the  s t r i n g e n t  t e s t s  o f  s t e r i c  i n t e r a c t i o n s  imposed 
by o t h e r  groups such as j t - a m y l ,  c y c lo h e x y l ,  CO^CHgPh, e t c . O rtho  e f ­
f e c t s  such as t h e  f i e l d  e f f e c t  a r e  a l s o  a b s e n t  from t h i s  sy s tem , s in c e  
t h e  h a lo g en s  and  o th e r  p o l a r  groups such as CN, OH, e t c . ,  a r e  a l s o  w e l l  
c o r r e l a t e d  by t h i s  p l o t .
(2) The r e l a t i o n s h i p  o f  t h e  p o l a r  e f f e c t  o f  t h e  o r th o  s u b s t i ­
t u e n t  t o  t h a t  o f  th e  p a r a  one may be e s t im a te d  from t h e  c o r r e l a t i o n  o f
A8 and  A6 : i . e . ,  a" ^ 1 . 1 3 c t  [from  e q u a t io n  ( 2 ^ ) ] .  However, t h i s  ex- o p — — o p
p r e s s i o n  i s  o n ly  a f i r s t  a p p ro x im a t io n ,  s i n c e  th e  r e l a t i o n s h i p ,  0  = Ccr ,o p
do es  n o t  c o r r e c t l y  d e s c r ib e  th e  r e l a t i o n s h i p  o f  aQ t o  a  in  t h i s  sy s tem . 
T h is  l a t t e r  o b s e r v a t io n  i s  a t  v a r ia n c e '  w i th  t h e  c o n c lu s io n s  o f  C h a r to n . 28 
The e x a c t  r e l a t i o n s h i p  be tw een  oq and a  h a s  n o t  y e t  been  d e c ip h e re d ,  
b u t  e x p r e s s io n s  c o n s i s t e n t  w ith  t h e  t r e n d s  o b se rv ed  from d a ta  f o r  phe­
n o l s  i n  DMSO a r e  (a )  o = k o T + , which i s  d e r iv e d  from t h e o r e t i c a lo X R
p r i n c i p l e s  o f  B ran ch , C a l v i n ,  and o t h e r s ,  and (b ) o' = CTj  + ct̂ ,  d e r iv e d  
by T a f t .
( 3 ) The p o la r  e f f e c t s  o f  o r th o  s u b s t i t u e n t s ,  d e f in e d  by 
e q u a t i o n  ( l j )  (crQ = 0.720A8 - O.O3 8 ) a r e  b e l i e v e d  by t h i s  a u th o r  to  be 
more a c c u ra te  m easurem ents  o f  th e  e l e c t r o n i c  i n f l u e n c e s  o f  o r th o  sub­
s t i t u e n t s  in  t h e  absence o f  p ro x im ity  i n t e r a c t i o n s  th a n  a re  T a f t ' s  
v a l u e s .  This i d e a  i s  s u g g e s te d  n o t  on ly  by th e  l i n e a r  r e l a t i o n s h i p  
b e tw ee n  A6q and AA^, b u t  a l s o  by t h e  number o f  e x c e l l e n t  c o r r e l a t i o n s
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t h a t  th e se  t h i r t y - t w o  cro v a lu e s  g ive  w i th  r e a c t i v i t y  d a t a  f o r  o- 
s u b s t i t u t e d  compounds. These c o r r e l a t i o n s  a r e  as good as th e  same 
com parisons  made w i th  T a f t ' s  e i g h t  v a lu e s ,  and a re  b a sed  upon p h y s i ­
c a l  m easurem ents , r e q u i r i n g  no s im p l i f y in g  assum ptions  w i th  r e s p e c t  to  
s t e r i c  e f f e c t s .
(4 ) W hile has  n o t  been c o n c lu s iv e ly  d em o n s tra ted  t o  be
e q u a l  to  p , one rh o  can be  s u c c e s s f u l l y  used  f o r  nmr s p e c t r a l  d a t a  in
t h i s  system . The f a c t  t h a t  s e v e r a l  r e a c t i o n s  a r e  o bserved  to  c o r r e l a t e
w i th  a s i n g l e  rho  v a lu e  f o r  o r t h o ,  m e ta ,  and p a r a  s u b s t i t u t i o n  i s  com­
p l im e n ta ry  ev id en ce  f o r  th e  v a l i d i t y  o f  th e  s i n g l e  rho c o n c e p t ,  s i n c e
th e  cr c o n s ta n t s  a r e  d e f in e d  u s in g  th e  same rho  v a lu e  as t h e  a  and a  o m p
c o n s t a n t s  i n  th e  d e f in in g  c o r r e l a t i o n  (op = 0 .7 2 0  A60 - 0 .0 J 8 ) .
From th e  s u r p r i s i n g  o b s e r v a t io n  o f  s t r o n g  in t r a m o le c u la r  
hydrogen  bonding  i n  two o r th o - s u b s t i t u t e d  p h en o ls  s tu d ie d  i n  t h i s  D is ­
s e r t a t i o n  r e s e a r c h ,  t h e  fo l lo w in g  p ro ce d u re  f o r  a s s ig n in g  new <jQ v a lu e s  
i s  recommended:
(1 )  The hy d ro x y l a b s o r p t io n  f o r  th e  jd- s u b s t i t u t e d  pheno l 
sh o u ld  f i r s t  be compared to  th e  <j v a lu e  f o r  t h e  s u b s t i t u e n t  ( i f  a v a i l ­
a b l e )  , in  o rd e r  t o  d e m o n s t ra te  th e  a p p l i c a b i l i t y  o f  th e  Hammett t r e a t ­
ment f o r  t h i s  s u b s t i t u e n t  th ro u g h  th e  u se  o f  t h e  AS  ̂ v s .  a  p l o t .
(2 )  The hyd roxy l a b s o - o t io n  f o r  th e  ^ - s u b s t i t u t e d  phenol
shou ld  be compared t o  t h a t  o f  th e  £ - s u b s t i t u t e d  phenol (u s in g  th e  A6Q
v s .  Afip p lo t)  in  o r d e r  to  d e m o n s tra te  th e  absence  o f  p ro x im ity  e f f e c t s .
The ctq v a lu e  can th e n  be a s s ig n e d  w ith  c o n f id e n c e  from t h e  c o r r e l a t i o n
e q u a t io n  d e s c r ib in g  th e  AS and A5 v a lu e s  in  te rm s o f  a  and u .m p m p
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X I I .  E x p e r im e n ta l :
TSImr d a t a  were  o b ta in e d  w i th  a  V a r ia n  A s s o c i a t e s  A-60A 
s p e c t r o m e te r  equ ipped  w i th  a  V-60ijQ V a r i a b l e  T em pera tu re  C o n t r o l l e r .  
D im ethyl s u l f o x i d e  (Crown Z e l l e r b a c h )  was d r i e d  o v e r  barium  o x id e ,  
d i s t i l l e d  (10 mm) o v e r  c a lc iu m  h y d r id e  and s to r e d  o v e r  Linde ty p e  i*A 
a c t i v a t e d  m o le c u la r  s i e v e .  A l l  p h en o ls  n o t  l i s t e d  below  w ere  a c q u i r e d  
c o m m erc ia l ly  and t e s t e d  f o r  p u r i t y  by m e l t in g  p o i n t  a n d /o r  gas  chroma­
to g r a p h ic  a n a l y s i s .  Samples n o t  m e e t in g  th e  u s u a l  s ta n d a r d  c r i t e r i a  
f o r  p u r i t y  were d i s t i l l e d  o r  su b lim ed .
Pheno l s o l u t i o n s  were p re p a re d  i n  c o n c e n t r a t i o n s  up t o  ~  10$ 
( w /v ) .  The OH a b s o r p t io n  was d e m o n s tra te d  to  be in d e p e n d e n t  o f  con­
c e n t r a t i o n  f o r  a l l  p h en o ls  s t u d i e d  as d e te rm in e d  by  a minimum o f  fo u r  
s e p a r a t e  ru n s  o f  each  compound a t  v a r io u s  c o n c e n t r a t i o n s  a t  a c o n s ta n t  
t e m p e ra tu re  o f  i)0± l° .  A l l  re s o n a n c e s  a r e  r e p o r t e d  i n  ppm d o w n fie ld  , 
from th e  i n t e r n a l  s t a n d a r d ,  t e t r a m e t h y l s i l a n e .
Dual p a ra m e te r  s t a t i s t i c a l  a n a l y s i s  was perfo rm ed  u s in g  a  
l i n e a r  l e a s t  sq u a re s  program  on an IBM 70^0 com p u te r .  A ll  c o r r e l a t i o n s  
o f  t h i s  ty p e  were p l o t t e d  on a Calcomp 563 in c re m e n ta l  p l o t t e r  cou p led  
t o  a Calcomp 57O m ag n e t ic  t a p e  u n i t .  M u l t ip le  p a ra m e te r  a n a l y s i s  was 
pe rfo rm ed  u s in g  a l i n e a r  i t e r a t i v e  l e a s t  sq u a re s  program  (L o u is ia n a  
S t a t e  U n iv e r s i t y  Computer C e n te r  code: NLLSCF).
The tw e lve  p h en o ls  s y n th e s iz e d  f o r  t h i s  D i s s e r t a t i o n  work 
a r e  d e s c r ib e e  and t h e  methods o f  p r e p a r a t i o n  l i s t e d  i n  T a b le  V I I .
TABLE VI
PHYSICAL constants: AND METHODS OF PREPARATION OF 
ORTHO- AND PARA-SUBSTITUTED PHENOLS
o b s .  l i t .  C a l c . Obs. Method o f
S u b s t i t u e n t  mp o r  bp mp o r  bp lj c  $>H jt£ $H P rep n .
£-CH2CH=CH2 b 235-237 b I 52- I 58 ( 1 .2  mm) b 235- 236a 8O.56 7 .51 8 0 .79 7 .60 A
o-CH=CHC02Me m 139- l l f l m l t o b ; ' .4 1  ' 5 .66 67 .55 5 .71 B
£-CH=CHC0^1e m I 36- I 3 T m 136-I37b 67 .41 5 .6 6 67 .49 5-74 B
o-CHsCOsMe b 104-106  (O.85  mm) m 68-69
b 9 0 -9 4  (0 .1  mm)°
b 115-120 (0 .3  mm)C 6 5 .O5 6 .0 7 64 .86 6 .0 8 C
£-CH2C0^1e b 133-137 ( 1 .0  mm) b 132-134 ( 0 .7  mm)^ b 123-130 (0 .8  mm) 6 5 .O5 6 .0 7 65 .0 9 6 .2 7 C
_o-NMe2 m 43 .5 " ^ 4 .5 m 4 4 -4 4 .5 e 7 0 .0 4 8 .0 8 70 .1 2 9 .1 4 D
£-NMe2 m 73-75 m 75-76f 7 0 .0 4 8 .0 8 70.20 8 .3 1 D
£-S0Me m 124-125 m 128- 129g 53.81 5 .1 7 53-88 5 .33 E
£-SOMe m 102-103 m 103 .5 -104h 53.81 5 .1 7 53.90 5 .2 7 E
o -S O ^ e m 8 9 .5 -9 0 .5 m 87- 881 44 .65 4 .28 4 4 .7 7 5 .^3 F
£ - 3 0 ^ 6 m 94-95 m 95-9 6 , m 9 3 -9 4 44 .65 4 .28 44.79 4 .73 F
o-OCOMe b 118-120 (0 .9  mm) b lljO-145 (9 mm)^ 64 .15 5.30 6 3 .3 6 5-55 G
a .  S. P a lk in  and P . A. W e l l s ,  J .0 Am. Chem. S oc . , 55_, I 556 (^933)*
b .  R. S to e rm er ,  B e r . , 44 , 637 ( 1 9 H ) .
TABLE VI (C on tinued)
c .  J .  W. Schu lenberg  and S. A rcher . .  J .  Am. Chem. S oc . , 8 2 , 2055 ( i 960) .
d .  S . Goodwin and B. W itkop, J .  An0 Chem. S o c . , 79,, 179 (1957)°
e .  B e i l s t e i n , 15, 562.
f .  B e i l s f r e in , l g , 442.
g . G. Wagner and S. Boehme, A rch . Pharm. , 2 9 7 , 257 (1 9 6 4 ) ;  Chem. A b s t r . ,  6 1 574lg  (1 9 6 4 ) .
h .  F .  G. B ordw ell and P . J .  B ou tan , J .  Am. Chem. S oc . , 7 9 , 717 (1957)°
i .  V. B a l ia h  and M. Uma, Rec. t r a v . c h im . ,  8 0 , 159 (1 9 6 1 ) .
j .  G. B e r t i ,  Gazz. chim . i t a l . , 87> 659 (1 9 5 7 ) i Chem. A b s t r . , 5 5 j I 4 l 0 7 f  (1959)*
Methods o f  P r e p a r a t i o n :
A. R e a c t io n  o f  c h a v ic o l  m ethy l e t h e r  ( H - a l l y l a n i s o l e )  w i th  m e th y l-  
magnesium bromide a t  I 6O -I7O0 , fo llo w ed  by h y d r o l y s i s :  G. Zempl^n 
and A. G e re c s ,  B er . , J 0 } IO98 (1 9 3 7 ) ;  Chem. A b s t r . , 3 ! ,̂ b9o6s  (1937)*
B. E s t e r i f i c a t i o n  o f  t h e  c o r re s p o n d in g  hydroxycinnam ic  a c id  w i th  
m ethano l c o n ta i n in g  a  c a t a l y t i c  amount o f  s u l f u r i c  a c i d .
G. E s t e r i f i c a t i o n  o f  th e  c o r re s p o n d in g  h y d ro x y p h e n y la c e t ic  a c id  w i th  
m ethano l c o n ta i n in g  a  c a t a l y t i c  amount o f  s u l f u r i c  a c i d .
D. M e th y la t io n  o f  th e  c o r r e s p o n d in g  imino p h e n o l  w i th  m ethano l c o n t a i n ­
ing  a  c a t a l y t i c  amount o f  h y d r o c h lo r i c  a c i d .  The r e a c t i o n  was c a r ­
r i e d  o u t  i n  a s e a l e d  P a a r  r e a c t o r  a t  180° (ijOO p s i ) .
E. O x id a t io n  o f  th e  c o r r e s p o n d in g  ( m e th y l th io )p h e n o l  w i th  one e q u iv a ­
l e n t  o f  37$  aqueous hydrogen  p e ro x id e  in  a c e to n e  s o l u t i o n  a t  - 30° .
The o - m e th y l s u l f i n y l p h e n o l  was p re p a re d  w i th  d i f f i c u l t y .  On t h r e e  
a t te m p ts  a t  th e  p r e p a r a t i o n  o f  t h i s  compound a p ro d u c t  m ix tu re  o f  
s u l f o x i d e  and s u l f o n e  was o b ta in e d ;  how ever, in  one i n s t a n c e  i f  
s l i g h t l y  l e s s  th a n  one  e q u iv a l e n t  o f  hydrogen  p e ro x id e  were u s e d , 
o n ly  t h e  s u l f o x id e  was p ro d u ced . The i n f r a r e d  sp ec tru m  o f  t h e  p u re  
jo -m e th y ls u l f in y lp h e n o l  e x h i b i t e d  a s u l f o x id e  a b s o r p t io n  a t  9*^-3 |J< 
and no s u l f o n e  a b s o r p t io n s  in  t h e  J . k - J , 7 (J, r e g io n .  F . G. B ordw ell 
and G. D. Cooper, J .  Am. Chem. S o c . , j k ,  IO58 (1 9 5 2 ) ;  F . G. B ordw ell 
and P. J .  B outan , i b i d . ,  79, 717 (1957) .
F .  O x id a t io n  o f  th e  c o r r e s p o n d in g  ( m e th y l th io )p h e n o l  w i th  ex cess  37$ 
aqueous hydrogen  p e r o x id e  in  a c e t i c  a c id  s o l u t i o n  a t  room tem p era ­
t u r e .  F o r  r e f e r e n c e s ,  see  P r e p a r a t i o n  E.
G. A c e ty l a t i o n  o f  c a t e c h o l  w ith  a c e t i c  a n h y d r id e  in  b a s i c  s o l u t i o n :  G.




cr = t h e  s u b s t i t u e n t  c o n s t a n t  r e l a t i n g  th e  e l e c t r o n i c  e f f e c t s  o f  t h e  
s u b s t i t u e n t  upon th e  r e a c t i v i t y  o f  a  m o le c u le .  I n  th e  Hammett 
e q u a t io n  ( l ) ,  p = 1 f o r  d e f i n i n g  r e a c t i o n  ( th e  i o n i z a t i o n  o f  b en ­
z o ic  a c id s )
lo g  (k /k Q) = crp ( I )
cr = t h e  s u b s t i t u e n t  c o n s t a n t  r e l a t i n g  e x ten d ed  c o n ju g a t io n  o f  t h e  sub­
s t i t u e n t  w i th  th e  r e a c t i o n  c e n t e r .  T h is  c o n s t a n t  i s  u s u a l l y  ap­
p l i c a b l e  t o  th o s e  r e a c t i o n s  i n  which t h e  r e a c t i o n  c e n t e r  h a s  a t  
l e a s t  one u n s h a re d  e l e c t r o n  p a i r  which can  p a r t i c i p a t e  in  t h i s  ex­
te n d e d  c o n u u g a t io n .  F o r  example:
th e  s u b s t i t u e n t  c o n s t a n t  f r e e  from  d i r e c t  re s o n a n c e  i n t e r a c t i o n  
w i th  th e  r e a c t i o n  s i t e .  Th is  c o n s t a n t  i s  u s u a l l y  d e r iv e d  from  Re­
a c t i o n s  i n v o lv in g  m o le c u le s  w i th  s k e l e t a l  s t r u c t u r e s  o f  t h e  type  i l l u s ­
t r a t e d  below, where R i s  th e  s u b s t i t u e n t  and X i s  th e  r e a c t i o n  s i t e :
= th e  s u b s t i t u e n t  c o n s t a n t  r e l a t i n g  only, re s o n a n c e  i n t e r a c t i o n s  b e ­





d e f in e d  i n  th e  fo l lo w in g  manner:
Oj = t h e  s u b s t i t u e n t  c o n s ta n t  r e l a t i n g  t h e  i n d u c t iv e  c o n t r i b u t i o n  to
th e  s u b s t i t u e n t  c o n s t a n t .  T h is  c o n s t a n t  i s  d e f in e d  from th e  19F
s h i e l d i n g  p a ra m e te r s :
6F + 0.05  _ _m______ _
a I  “  0 .61
a  = th e  s u b s t i t u e n t  c o n s ta n t  r e l a t i n g  ex tended  re so n an c e  c o n t r i b u t i o n s  K
to  th e  s u b s t i t u e n t  c o n s ta n t .  T h is  c o n s ta n t  i s  u s u a l l y  d e f in e d  in  
th e  fo l lo w in g  m anner:
°R  =  a" '  CTI
0^  = th e  o r th o  p o l a r  s u b s t i t u e n t  c o n s t a n t  o f  T a f t  which e l im in a t e s  r e ­
sonance and s t e r i c  i n t e r a c t i o n s  th ro u g h  th e  fo l lo w in g  d e f i n i t i o n :
= 2^  log[(kA/ko) ■ (kB/ko^
where k .  and k„ a r e  th e  r a t e  c o n s t a n t s  f o r  a c i d i c  and b a s i c  c a t a -  A B
ly zed  h y d r o ly s e s ,  r e s p e c t i v e l y ,  o f  a l k y l  2- s u b s t i t u t e d  b e n z o a te s .
a .  A most com ple te  t a b u l a t i o n  o f  th e s e  and- o t h e r  s u b s t i t u e n t  c o n s ta n t s  
may be found in  t h e  fo l lo w in g  r e f e r e n c e :  C. D. R i t c h i e  and W. F .
S a g e r ,  P r o g . P h y s . Org. Chem., 2 ,  33^ (1 9 6 4 ) .
APPENDIX I I  
CORRELATION FORMULAS44
S ta n d a rd  D e v ia t io n :
'x x 2  _  ( i x V
N \  N /
w here  N i s  th e  number o f  v a lu e s  o f  t h e  v a r i a b l e  X i n  th e  sam ple. 






m -  1
w here  N, = th e  number o f  d e t e r m in a t io n s  on a  sample k
m = t h e  number o f  sam ples
N = t h e  t o t a l  number o f  d e te r m in a t io n s  
Nk
2  = summation of- d e te r m in a t io n s  1 t o  N, on a  sample 
1
m
2 = summation o f  v a lu e s  f o r  sam ples 1 to  m 
1
N
2  = summation o f  a l l  d e te r m in a t io n s  
1
C o r r e l a t i o n  C o e f f i c i e n t :
NXXY - (gQ (D T )______________
yj  [NXX2 -  (EX) ] [NE!f2 ** (E * )2]
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